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T h i s t h e s i s i s concerned w i t h t he d e t e c t i o n of v e r y h i g h 
energy cosmic gamma r a y s u s i n g t h e a t m o s p h e r i c Cerenkov t e c h n i q u e . 
A g e n e r a l i n t r o d u c t i o n t o gamma r ay d e t e c t i o n t e c h n i q u e s i s 
f o l l o w e d by a d e t a i l e d d i s c u s s i o n of t h e p r i n c i p l e s of t h e 
a t m o s p h e r i c Cerenkov t e c h n i q u e and t h e h i s t o r y of i t s use p r i o r t o 
t h i s w o r k . 
The d e s i g n and o p e r a t i o n of t h e U n i v e r s i t y of Durham f a c i l i t y 
i n Dugway, Utah i s d e s c r i b e d i n d e p t h . 
Monte C a r l o computer s i m u l a t i o n s have been deve loped t o 
a s s i s t i n b o t h t h e u n d e r s t a n d i n g of t h e equipment and t h e a n a l y s i s 
of t h e r e s u l t s f o r t he Durham f a c i l i t y . The v a r i a t i o n of t h e 
response of t h e a r r a y w i t h z e n i t h a n g l e and d e t e c t o r t h r e s h o l d has 
been i n v e s t i g a t e d and t h e a p e r t u r e f u n c t i o n of a s i n g l e t e l e s c o p e 
c a l c u l a t e d . The l a t t e r has been f o u n d t o be a c o m p l i c a t e d f u n c t i o n 
of b o t h z e n i t h a n g l e and d e t e c t o r t h r e s h o l d . 
Computer s i m u l a t i o n s have a l s o been deve loped t o a i d i n t h e 
d e s i g n of a camera t o r e c o r d t w o - d i m e n s i o n a l Cerenkov l i g h t images 
f r o m s m a l l e x t e n s i v e a i r shower s , and t o p r o v i d e a means of t e s t i n g 
a n a l y s i s r o u t i n e s ! t hese a re d i s c u s s e d . The camera i s l o c a t e d a t 
t h e F . L . Whipp l e O b s e r v a t o r y i n A r i z o n a . 
The t e c h n i q u e s employed i n t h e a n a l y s i s of da t a r e c o r d e d by 
t h e Dugway f a c i l i t y a re d i s c u s s e d , and a computer package deve loped 
t o a i d i n t h e r o u t i n e a spec t s of t h e a n a l y s i s i s d e s c r i b e d . 
R e s u l t s of o b s e r v a t i o n s f r o m two s o u r c e s , Cygnus X-3 and 
PSR0531, a re p r e s e n t e d , w i t h p a r t i c u l a r r e f e r e n c e t o p e r i o d i c i t i e s 
i n h e r e n t i n t h e sources and t o b u r s t s of gamma r ay e m i s s i o n . The 
d i s c u s s i o n of t h e r e s u l t s i n c l u d e s a r e v i e w of t he v a r i o u s models 
wh ich have been proposed f o r Cygnus X - 3 . 
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v i i i 
PREFACE 
The U n i v e r s i t y of Durham Very High Energy Gamma Ray 
O b s e r v a t o r y was e s t a b l i s h e d a t Dugway, Utah i n the S p r i n g and 
Summer of 1981 . The a u t h o r was i n v o l v e d i n t h e d e s i g n , c o n s t r u c t i o n 
and c o m m i s s i o n i n g of t h e equipment d u r i n g 1980 and 1981 , and he 
t o o k p a r t i n t h e r o u t i n e o p e r a t i o n of t he O b s e r v a t o r y d u r i n g t h r e e 
o b s e r v i n g p e r i o d s i n 1981 and 1982. 
The development and p r o d u c t i o n of t h e computer s i m u l a t i o n s 
o b t a i n e d f o r b o t h t h e Dugway e x p e r i m e n t and an independent one a t 
t h e W h i p p l e O b s e r v a t o r y i n A r i z o n a , d e s c r i b e d i n Chapte rs 4 and 5, 
were e n t i r e l y t h e work of t h e a u t h o r . He was t o t a l l y r e s p o n s i b l e 
f o r t h e a n a l y s i s of t h e s i m u l a t i o n da ta o b t a i n e d f o r t h e f o r m e r , 
and p l a y e d a ma jo r r o l e i n t h e development of a n a l y s i s t e c h n i q u e s 
and i n t e r p r e t a t i o n of r e s u l t s f o r t h e l a t t e r . 
A l o n g w i t h h i s c o l l e a g u e s he shared i n the a n a l y s i s of da t a 
o b t a i n e d a t Dugway, r e p o r t e d i n Chap te r s 7 and 8, and was w h o l l y 
r e s p o n s i b l e f o r t h e d e s i g n and development of t h e package f o r 
r o u t i n e d a t a a n a l y s i s d e s c r i b e d i n Chapter 6 and Appendix A. The 
e x e c u t i o n of t h e r o u t i n e d a t a a n a l y s i s on a l l 1981 and 1982 da ta 
was t h e work of t h e a u t h o r . 
None of t h e m a t e r i a l c o n t a i n e d i n t h i s t h e s i s has been 
s u b m i t t e d p r e v i o u s l y f o r a d m i t t a n c e t o a degree i n t h i s or any 
o t h e r u n i v e r s i t y . 
CHAPTER 1. 
BACKGROUND INFORMATION. 
The gamma ray r e g i o n of t h e e l e c t r o m a g n e t i c spec t rum has been 
the l a s t t o be s u c c e s s f u l l y e x p l o i t e d as a channel f o r a s t r o n o m i c a l 
i n v e s t i g a t i o n . T h i s i s l a r g e l y due t o t h e s m a l l f l u x e s and the 
d i f f i c u l t y Df t he . t e c h n i q u e s i n v o l v e d . I n r e c e n t y e a r s , however , 
t h e r e has been a g r e a t dea l of p r o g r e s s f o l l o w i n g the a v a i l a b i l i t y 
of space borne d e t e c t o r s , l e a d i n g t o t h e d e t e c t i o n of a d i f f u s e 
gamma r a y background and a number of d i s c r e t e gamma r a y s o u r c e s . 
The main i n t e r e s t i n t h e s t u d y of gamma r a y s l i e s i n t h e f a c t 
t h a t t h e y a re produced i n h i g h energy p a r t i c l e i n t e r a c t i o n s ; t he 
i d e n t i f i c a t i o n of a d i s c r e t e sou rce of gamma r a y s i s an unambiguous 
i n d i c a t o r of t h e p resence o f v e r y h i g h energy (VHE) p a r t i c l e s i n 
t he source because of t h e mechanisms by which t h e y are produced 
( s e c t i o n 1 . 2 ) . I d e n t i f i c a t i o n of sou rces of cosmic r a y s <CR) i s not 
p o s s i b l e by d i r e c t d e t e c t i o n of t h e CR t h e m s e l v e s , s i n c e most are 
charged and are t h e r e f o r e d e f l e c t e d by t h e magnet ic f i e l d s 
p e r m e a t i n g i n t e r s t e l l a r and i n t e r g a l a c t i c space , t h u s a r r i v i n g f r o m 
d i r e c t i o n s which bear no r e l a t i o n t o t hose a t which t hey were 
e m i t t e d . Gamma r a y s a r r i v e u n d e f l e c t e d making i d e n t i f i c a t i o n of 
t h e i r sou rce p o s s i b l e . 
In t h i s c h a p t e r a b r i e f summary of gamma ray d e t e c t i o n 
t e c h n i q u e s i s f o l l o w e d by a s h o r t d i s c u s s i o n of t h e most i m p o r t a n t 
p r o d u c t i o n and a b s o r p t i o n mechanisms f o r gamma r a y s . 
1.1 Gamma Ray D e t e c t i o n T e c h n i q u e s . 
The . t echn iques used i n d e t e c t i n g gamma r a y s may be d i v i d e d 
1 
i n t o t h r e e main c a t e g o r i e s a c c o r d i n g t o gamma r a y e n e r g y . The range 
f r o m 10 MeV t o 10 GeV i s c o v e r e d by b a l l o o n and s a t e l l i t e 
o b s e r v a t i o n s , w h i l e a t e n e r g i e s i n excess of 100 TeV p a r t i c l e 
d e t e c t o r s may be used . F i n a l l y , between 100 GeV and 100 TeV t h e 
a t m o s p h e r i c Cerenkov t e c h n i q u e may be used . The f i r s t two of these 
are examined b r i e f l y h e r e , t he l a t t e r b e i n g d i s c u s s e d f u l l y i n t he 
nex t c h a p t e r . 
1 . 1 . 1 Lower Energy O b s e r v a t i o n s (10 MeV-10 GeV). 
Most o f t h e e x p e r i m e n t a l a c t i v i t y so f a r has been i n t h i s 
ene rgy r e g i o n . The p r e d o m i n a n t i n t e r a c t i o n of gamma r a y s w i t h 
m a t t e r a t t h e s e e n e r g i e s i s p a i r p r o d u c t i o n which has a d e f i n i t e 
s i g n a t u r e , so e n a b l i n g t h e p a r t i c l e s t o be r e a d i l y i d e n t i f i e d . The 
i n s t r u m e n t w h i c h has a c h i e v e d g r e a t e s t success i n d e t e c t i n g t h i s 
s i g n a t u r e i s t h e spark chamber. Owing t o t h e f a c t t h a t gamma r a y s 
are abso rbed i n t h e a tmosphere , wh ich has a t h i c k n e s s of *Z0 
r a d i a t i o n l e n g t h s a t t he se e n e r g i e s , t he spark chamber must be 
o p e r a t e d a t b a l l o o n or s a t e l l i t e a l t i t u d e s . 
The most s u c c e s s f u l a p p l i c a t i o n s of t h i s t e c h n i q u e have been 
w i t h t h e SAS-2 and C0S-B s a t e l l i t e s ( K n i f f e n e t aJ , 1977 and S c a r s i 
et al, 1977 r e s p e c t i v e l y ) . These have r e s u l t e d i n t h e d e t e c t i o n of 
22 p o s s i b l e d i s c r e t e s o u r c e s , 4 of which have so f a r been 
i d e n t i f i ed . 
One of t h e p rob lems w i t h t h i s t e c h n i q u e i s t h a t as t he gamma 
r a y e n e r g y i n c r e a s e s the ang le between the e l e c t r o n - p o s i t r o n p a i r 
i s r e d u c e d , and i t becomes i n c r e a s i n g l y d i f f i c u l t t o i d e n t i f y t he 
s i g n a t u r e and hence t h e gamma r a y . A l s o , s i n c e t h e gamma r ay i s 
r e q u i r e d t o i n t e r a c t w i t h i n t he d e t e c t o r i t s e l f t o be r e g i s t e r e d , a 
l a r g e d e t e c t o r area i s d e s i r a b l e , and t h i s i s no t f e a s i b l e w i t h 
s a t e l l i t e s ( f o r example , t h e COS-B i n s t r u m e n t has a s e n s i t i v e area 
of 0 .06 m 2 ) ; l a r g e r d e t e c t o r s may be used i n b a l l o o n s , bu t t h e 
p r o b l e m t h e n i s one of l i m i t e d exposure t i m e . The Gamma Ray 
O b s e r v a t o r y , due t o be l aunched by NASA i n 1988, i s t h e nex t major 
e x p e r i m e n t i n t he f i e l d of s a t e l l i t e - b o r n e gamma r a y d e t e c t o r s . 
T h i s w i l l i n c o r p o r a t e f o u r i n s t r u m e n t s , and i s des igned t o cover a 
wide e n e r g y r ange f r o m 30 keV t o 30 GeV, but t h e l a t t e r would 
appear t o be t h e upper l i m i t f o r t h e t e c h n i q u e i n t h e f o r s e e a b l e 
f u t u r e . 
1 .1 .2 O b s e r v a t i o n s Above 100 TeV. 
At t h e s e e n e r g i e s i t i s p o s s b l e t o d e t e c t , at ground l e v e l , 
t h e p a r t i c l e s p roduced i n t h e EAS caused by t h e p r i m a r y gamma r a y . 
Below "MO TeV most such secondary p a r t i c l e s a re absorbed b e f o r e 
t h e y r e a c h even moun ta in a l t i t u d e s ; a t sea l e v e l t he t e c h n i q u e i s 
s e n s i t i v e t o e n e r g i e s g r e a t e r t h a n M 0 0 0 TeV. 
S e v e r a l e x p e r i m e n t s have been c a r r i e d ou t u s i n g l a r g e 
d e t e c t o r s a t h i g h a l t i t u d e (Toyoda et al, 1965, Catz et al, 1 9 7 0 ) , 
bu t no c o n c l u s i v e d e t e c t i o n of gamma r a y s was c l a i m e d by t h e 
e x p e r i m e n t e r s . 
S i n c e gamma r a y s much above 100 TeV are s t r o n g l y absorbed i n 
i n t e r s t e l l a r space by t h e 3 °K microwave b a c k g r o u n d , as d i s c u s s e d 
l a t e r , i n t e r e s t i n t h i s r e g i o n waned. R e c e n t l y , however , the 
d e t e c t i o n of Cygnus X-3 a t e n e r g i e s i n t he range 1000-10000 TeV by 
groups w o r k i n g a t K i e l , West Germany, P l a t e a u Rosa, I t a l y and a t 
Haverah P a r k , Leeds has caused c o n s i d e r a b l e renewed i n t e r e s t . 
1 .2 Gamma Ray P r o d u c t i o n M e c h a n i s m s . 
Gamma r a y p r o d u c t i o n c a n o c c u r t h r o u g h a w i d e v a r i e t y of 
m e c h a n i s m s w h i c h h a v e been r e v i e w e d i n d e t a i l by F a z i o ( F a z i o , 
1967) and S t e c k e r ( S t e c k e r , 1 9 7 1 ) . The g e n e r a l form of mechan ism i s 
t h e i n t e r a c t i o n of a r e l a t i v i s t i c e l e c t r o n or n u c l e o n w i t h some 
o t h e r f o r m of m a t t e r or m a g n e t i c f i e l d . In t h i s s e c t i o n t h e most 
i m p o r t a n t m e c h a n i s m s a s f a r a s t h e a t m o s p h e r i c C e r e n k o v t e c h n i q u e 
i s c o n c e r n e d w i l l be d i s c u s s e d . 
1 . 2 . 1 Meson D e c a y . 
The c o l l i s i o n of a r e l a t i v i s t i c p r o t o n w i t h n u c l e a r m a t t e r 
l e a d s t o t h e e x c i t a t i o n of t h e p r o t o n , f o l l o w e d by t h e e m i s s i o n of 
7r and K m e s o n s . T h e s e d e c a y t o e l e c t r o n s , n e u t r i n o s and gamma r a y s , 
w i t h e n e r g i e s w h i c h c a n be a s h i g h a s 10% of t h a t of t h e p r i m a r y 
n u c l e i . 
1 . 2 . 2 I n v e r s e . C o m p t o n S c a t t e r i n g . 
I n t h i s p r o c e s s a low e n e r g y photon i s a c c e l e r a t e d t o much 
h i g h e r e n e r g y by c o l l i s i o n w i t h a r e l a t i v i s t i c e l e c t r o n w h i c h i n 
t u r n l o s e s most of i t s e n e r g y . S i n c e t h e s p e c t r a a t r a d i o and 
o p t i c a l w a v e l e n g t h s of many a c t i v e s o u r c e s c a n b e s t be e x p l a i n e d by 
s y n c h r o t r o n r a d i a t i o n by r e l a t i v i s t i c e l e c t r o n s i n weak m a g n e t i c 
f i e l d s , i n v e r s e Compton s c a t t e r i n g i s a p r e f e r r e d mechan ism f o r 
p r o d u c i n g gamma r a y s , a s b o t h r e l a t i v i s t i c e l e c t r o n s and low e n e r g y 
p h o t o n s a r e c l e a r l y p r e s e n t i n t h e s o u r c e r e g i o n . 
1 . 2 . 3 S y n c h r o t r o n R a d i a t i o n . 
A r e l a t i v i s t i c e l e c t r o n t r a v e r s i n g a m a g n e t i c f i e l d w i l l 
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r a d i a t e p h o t o n s , u s u a l l y a t an e n e r g y many o r d e r s of m a g n i t u d e 
be low t h e e l e c t r o n e n e r g y . T h i s u s u a l l y means t h a t gamma r a y s w i l l 
not be p r o d u c e d . I f , h o w e v e r , t h e e l e c t r o n e n e r g y e x c e e d s ' " I D 1 7 eV 
i t i s p o s s i b l e f o r h i g h e n e r g y gamma r a y s to be p r o d u c e d by t h i s 
p r o c e s s . 
1 . 2 . 4 C u r v a t u r e R a d i a t i o n . 
R e l a t i v i s t i c e l e c t r o n s - f o l l o w i n g c u r v e d m a g n e t i c f i e l d l i n e s 
w i l l r a d i a t e by t h e c u r v a t u r e r a d i a t i o n p r o c e s s . The p r o c e s s i s 
o n l y i m p o r t a n t i n t h e v e r y i n t e n s e f i e l d s found n e a r t h e s u r f a c e s 
of p u l s a r s ( M O 1 2 g a u s s ) . At v e r y c l o s e d i s t a n c e s t h e gamma r a y s 
p r o d u c e d c a n have e n e r g i e s c o m p a r a b l e t o t h a t of t h e r a d i a t i n g 
e l e c t r o n . H o w e v e r , gamma r a y s p r o d u c e d u n d e r t h e s e c o n d i t i o n s a r e 
v e r y l i k e l y t o be a b s o r b e d a g a i n , a s d e s c r i b e d i n . s e c t i o n 1 . 3 . 2 , so 
t h i s m e c h a n i s m i s not e x p e c t e d t o c o n t r i b u t e s i g n i f i c a n t l y t o t h e 
t o t a l f l u x of c o s m i c gamma r a y s . 
1 . 5 Gamma Ray A b s o r p t i o n M e c h a n i s m s . 
The two p r i n c i p a l a b s o r p t i o n m e c h a n i s m s a f f e c t i n g gamma r a y s 
a r e by t h e i r i n t e r a c t i o n s w i t h low e n e r g y p h o t o n s and i n s t r o n g 
m a g n e t i c f i e l d s ; i n t e r a c t i o n s w i t h m a t t e r a r e not i m p o r t a n t f o r 
e n e r g i e s g r e a t e r t h a n 100 K e V , s i n c e t h e c o l l i s i o n c r o s s - s e c t i o n 
f o r p a i r - p r o d u c t i o n w i t h t h e m a t t e r i n i n t e r s t e l l a r and 
i n t e r g a l a c t i c s p a c e ( a t o m i c h y d r o g e n ) i s n e g l i g i b l e . ( O b v i o u s l y , 
when t h e gamma r a y e n t e r s t h e E a r t h ' s a t m o s p h e r e a b s o r p t i o n by p a i r 
p r o d u c t i o n t a k e s p l a c e , but t h i s i s an e s s e n t i a l p a r t of t h e 
a t m o s p h e r i c C e r e n k o v t e c h n i q u e , w i t h t h e a t m o s p h e r e b e i n g i n e f f e c t 
p a r t of t h e d e t e c t o r . ) 
1 . 3 . 1 A b s o r p t i o n by P h o t o n s . 
A b s o r p t i o n of gamma r a y s by i n t e r g a l a c t i c s t a r l i g h t i s o n l y 
i m p o r t a n t o v e r e x t r e m e e x t r a g a l a c t i c d i s t a n c e s . A b s o r p t i o n by t h e 3 
°K m i c r o w a v e b a c k g r o u n d , h o w e v e r , h a s been shown to be i m p o r t a n t 
even w i t h i n t h e g a l a x y ( G o u l d and S c h r e d e r , 1 9 6 6 , and J e l l e y , 1966) 
and h a s t h e g r e a t e s t e f f e c t o v e r t h e r a n g e 1 0 l * - 1 0 1 7 eV . T h i s was 
c o n s i d e r e d u n t i l r e c e n t l y t o e f f e c t i v e l y impose a c u t - o f f a t 1 0 1 4 
eV f o r most s o u r c e s , e x c e p t t h o s e w i t h i n ^10 k p c ; t h e d e t e c t i o n of 
C y g n u s X - 3 ( a t l e a s t 10 kpc d i s t a n t ) a t e n e r g i e s g r e a t e r t h a n " l O 1 3 
eV h a s c a u s e d t h i s v i e w t o be' m o d i f i e d . 
1 . 3 . 2 A b s o r p t i o n i n M a g n e t i c F i e l d s . 
P a i r p r o d u c t i o n by gamma r a y s i n t h e p r e s e n c e of s t r o n g 
m a g n e t i c f i e l d s h a s been d i s c u s s e d by E r b e r ( E r b e r , 1966) and 
Ogelman (Oge lman et a i , 1 9 7 6 ) . The s t r o n g m a g n e t i c f i e l d s n e a r t h e 
s u r f a c e s of n e u t r o n s t a r s ( " M O 1 2 g a u s s ) make a b s o r p t i o n of gamma 
r a y s by p a i r p r o d u c t i o n v e r y l i k e l y ; t h e y must be t h e r e f o r e be 
p r o d u c e d f a r removed f rom t h e s u r f a c e of s u c h s t a r s to s u r v i v e and 
be o b s e r v a b l e . 
1 .4 The S c o p e of t h e P r e s e n t Work. 
T h i s t h e s i s i s m a i n l y c o n c e r n e d w i t h t h e d e s c r i p t i o n of t h e 
U n i v e r s i t y of Durham O b s e r v a t o r y i n Dugway, Utah e s t a b l i s h e d f o r 
t h e d e t e c t i o n of VHE c o s m i c gamma r a y s u s i n g t h e a t m o s p h e r i c 
C e r e n k o v t e c h n i q u e . The t h e o r e t i c a l b a c k g r o u n d of t h i s t e c h n i q u e , 
t o g e t h e r w i t h a s u r v e y of p r e v i o u s work i n t h e f i e l d , i s g i v e n i n 
C h a p t e r 2 , w h i l e t h e c u r r e n t e x p e r i m e n t i s d e s c r i b e d i n d e t a i l i n 
C h a p t e r 3 . 
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I n C h a p t e r 4 a r e p o r t i s made of t h e Monte C a r l o c o m p u t e r 
s i m u l a t i o n s w h i c h h a v e been c a r r i e d Dut t o a i d t h e u n d e r s t a n d i n g of 
t h e r e s p o n s e of t h i s e x p e r i m e n t . T h e s e have been u s e f u l both i n 
e x p e r i m e n t a l d e s i g n and d a t a a n a l y s i s , and t h e r e s u l t s a r e bo th 
i n t e r e s t i n g a n d , i n some r e s p e c t s , u n e x p e c t e d . S i m i l a r c a l c u l a t i o n s 
were made f o r t h e r e s p o n s e of t h e e x p e r i m e n t i n v o l v i n g t h e i m a g i n g 
t e c h n i q u e b e i n g c o n d u c t e d a t t h e F r e d W h i p p l e O b s e r v a t o r y (FWO) , 
Mount H o p k i n s , A r i z o n a , and t h e s e a r e d e s c r i b e d , i n C h a p t e r 5 . 
In C h a p t e r 6 t h e a n a l y s i s r o u t i n e s d e v e l o p e d f o r t h e Duqway 
e x p e r i m e n t a r e d i s c u s s e d , and a s o f t w a r e p a c k a g e d e s i g n e d t o h a n d l e 
t h e r o u t i n e d a t a a n a l y s i s i s d e s c r i b e d . 
M e a s u r e m e n t s o v e r t h r e e s e a s o n s of. o b s e r v a t i o n have been made 
on t e n s o u r c e s . T h e s e i n c l u d e C y g n u s X - 3 and t h e C r a b p u l s a r 
( P S R 0 5 3 1 ) , and r e s u l t s of m e a s u r e m e n t s of t h e s e two s o u r c e s a r e 
r e p o r t e d i n C h a p t e r 7 , w i t h a d i s c u s s i o n f o l l o w i n g i n C h a p t e r 8 . 
F i n a l l y , i n C h a p t e r 9 , t h e p o s s i b i l i t i e s f o r f u t u r e work i n 
t h e f i e l d a r e r e v i e w e d , p a r t i c u l a r l y w i t h r e g a r d to t h e new and 
i m p r o v e d t e l e s c o p e c u r r e n t l y b e i n g b u i l t a t Durham. 
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CHAPTER 2 . 
THE DETECTION OF COSMIC GAMMA RAYS USING 
THE ATMOSPHERIC CERENKOV TECHNIQUE. 
The a t m o s p h e r i c C e r e n k o v t e c h n i q u e f o r gamma r a y a s t r o n o m y 
d e p e n d s on t h e d e t e c t i o n of C e r e n k o v l i g h t p r o d u c e d by t h e c a s c a d e 
of c h a r g e d p a r t i c l e s , m a i n l y e l e c t r o n s and p o s i t r o n s , i n i t i a t e d by 
a p r i m a r y h i g h e n e r g y gamma r a y e n t e r i n g t h e a t m o s p h e r e . T h i s 
c h a p t e r d e a l s w i t h t h e n a t u r e of C e r e n k o v r a d i a t i o n and i t s 
p r o d u c t i o n i n gamma r a y i n i t i a t e d s h o w e r s , and d i s c u s s e s p r e v i o u s 
e x p e r i m e n t s u s i n g t h i s t e c h n i q u e . 
As m e n t i o n e d i n t h e p r e v i o u s c h a p t e r , t h e t e c h n i q u e i s most 
e f f i c i e n t i n t h e e n e r g y r a n g e 100 G e V - 1 0 0 T e V , and t h u s f i l l s t h e 
gap b e t w e e n low e n e r g y gamma r a y a s t r o n o m y (10 MeV-10 GeV) c o v e r e d 
by b a l l o n and s a t e l l i t e e x p e r i m e n t s , and o b s e r v a t i o n s a t h i g h e r 
e n e r g i e s O 1 0 0 TeV) where g r o u n d - b a s e d p a r t i c l e d e t e c t o r s may be 
u s e d . I t h a s t h e a d v a n t a g e o v e r t h e t e c h n i q u e s u s e d a t l o w e r 
e n e r g i e s t h a t t h e e f f e c t i v e c o l l e c t i n g a r e a i s t h a t of t h e poo l of 
l i g h t on t h e ground r a t h e r t h a n t h e d i m e n s i o n s of t h e d e t e c t o r 
i t s e l f , a f a c t o r w h i c h c a n be 1000 or more a t e n e r g i e s a r o u n d 1000 
GeV. 
2 . 1 The C e r e n k o v E f f e c t . 
The p r o d u c t i o n of c o h e r e n t r a d i a t i o n by t h e p a s s a g e of a 
r e l a t i v i s t i c c h a r g e d p a r t i c l e t h r o u g h a d e n s e medium (of r e f r a c t i v e 
i n d e x rt) was f i r s t d e t e c t e d by C e r e n k o v i n 1934 ( C e r e n k o v , 1 9 3 4 ) . A 
s a t i s f a c t o r y e x p l a n a t i o n of t h e e f f e c t , b a s e d on c l a s s i c a l 
e l e c t r o m a g n e t i c t h e o r y , was p r o v i d e d by F r a n k and Tamm t h r e e y e a r s 
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l a t e r ( F r a n k and Tamm, 1 9 3 7 ) . T h e y s u g g e s t e d t h a t t h e p a s s a g e of 
s u c h a p a r t i c l e c a u s e s l o c a l , t r a n s i e n t p o l a r i s a t i o n of t h e medium. 
I f t h e v e l o c i t y (v ) of t h e p a r t i c l e i s g r e a t e r t h a n t h e p h a s e 
v e l o c i t y of l i g h t i n t h e medium ( c / n ) t h e t h e d e p o l a r i s a t i o n of t h e 
medium f o l l o w i n g t h e p a s s a g e of t h e p a r t i c l e r e s u l t s i n t h e 
e m i s s i o n of a c o n e of c o h e r e n t r a d i a t i o n c e n t r e d about t h e p a r t i c l e 
t r a c k , a s shown i n F i g u r e 2 . 1 . 
A r e l a t i o n f o r t h e c o n e a n g l e ( a ) may be o b t a i n e d u s i n g a 
s i m p l e H u y g e n ' s c o n s t r u c t i o n ( f r o m J e l l e y , 1958) a s i l l u s t r a t e d i n 
F i g u r e 2 . 2 (a o n e - d i m e n s i o n a l r e p r e s e n t a t i o n h a s been u s e d f o r 
c l a r i t y ) . From t h i s i t may be s e e n t h a t t h e C e r e n k o v r a d i a t i o n i s 
o n l y o b s e r v e d a t one a n g l e ( « ) t o t h e p a r t i c l e t r a c k ( A B ) , t h i s 
b e i n g t h e a n g l e a t w h i c h t h e w a v e l e t s e m i t t e d f rom a r b i t r a r y p o i n t s 
P i ; t o P 3 a l o n g t h e t r a c k i n t e r f e r e c o h e r e n t l y to form a p l a n e wave 
f r o n t ( B C ) ; t h e w a v e l e t s a r e c o h e r e n t when t h e t i m e t a k e n f o r t h e 
p a r t i c l e t o t r a v e r s e AB i s t h e same a s t h a t t a k e n f o r t h e l i g h t t o 
t r a v e l f r o m A t o C . 
The d i s t a n c e A B , t r a v e r s e d by a p a r t i c l e moving w i t h v e l o c i t y 
v i n a t i m e i n t e r v a l t i s g i v e n by t h e e q u a t i o n 
AB = v t ( 2 . 1 ) 
At t h e same t i m e t h e l i g h t e m i t t e d a t A t r a v e l s a d i s t a n c e AC g i v e n 
by 
AC = ct_ ( 2 . 2 ) 
From e q u a t i o n s ( 2 . 1 ) and ( 2 . 2 ) t h e C e r e n k o v r e l a t i o n may be 
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P a r t i c l e T r a c k 
F i g u r e 2.1 The F o r m a t i o n of the C e r e n k o v L i g h t C o n e . 
P a r t i c l e T r a c k 
L i g h t 
B 
W a v e f ront 
F i g u r e 2.2 Huygen 's C o n s t r u c t i o n to I l l us t ra te F o r m a t i o n of C o h e r e n t 
C e r e n k o v L i g h t Wave f ron t at Angle a to Par t ic le T r a c k . 
o b t a i n e d : 
c o s i a ) = c 
•IJV 
From e q u a t i o n ( 2 . 3 ) t h e f o l l o w i n g c o n c l u s i o n s may be drawn; 
1. F o r any medium t h e r e i s a t h r e s h o l d v e l o c i t y ( v t ) f o r t h e 
c h a r g e d p a r t i c l e be low w h i c h no e m i s s i o n t a k e s p l a c e : 
v t = c_ ( 2 . 4 ) 
ii 
At t h i s c r i t i c a l v e l o c i t y t h e r a d i a t i o n i s e m i t t e d a l o n g t h e 
d i r e c t i o n of t h e p a r t i c l e t r a c k . 
2 . T h e r e i s a maximum a n g l e ( « m * K ) a t w h i c h C e r e n k o v l i g h t 
may be e m i t t e d : 
a m a H = c o s - M l / i ? ) ( 2 . 5 ) 
3 . The e m i s s i o n o c c u r s m a i n l y i n t h e v i s i b l e and n e a r - v i s i b l e 
r e g i o n s of t h e s p e c t r u m f o r w h i c h r j> l . Thus e m i s s i o n i s not 
p o s s i b l e i n t h e X - r a y r e g i o n f o r e x a m p l e s i n c e IJ i s t h e n l e s s t h a n 
u n i t y and e q u a t i o n ( 2 . 3 ) c a n n o t be s a t i s f i e d . 
2 . 2 The D i s c o v e r y of C e r e n k o v L i g h t f rom t h e N i g h t S k y . 
B l a c k e t t f i r s t s u g g e s t e d i n 1948 ( B l a c k e t t , 1948) t h a t 
C e r e n k o v r a d i a t i o n e m i t t e d by i n d i v i d u a l c o s m i c r a y s of t h e CR beam 
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o u g h t t o c o n t r i b u t e a s m a l l f r a c t i o n C M O - 4 ) of t h e t o t a l 
b r i g h t n e s s of t h e n i g h t s k y . T h e r e w a s , h o w e v e r , no way of 
d e t e c t i n g t h i s e f f e c t , s i n c e t h e c o n t r i b u t i o n was s o s m a l l . 
About f i v e y e a r s l a t e r i t o c c u r r e d to G a l b r a i t h and J e l l e y 
t h a t t h e r e was a r e a l p o s s i b i l i t y of e x t e n s i v e a i r s h o w e r s ( E A S ) 
p r o d u c i n g m e a s u r a b l e p u l s e s of C e r e n k o v r a d i a t i o n b e c a u s e of t h e 
l a r g e number of p a r t i c l e s i n v o l v e d , and t h e s h o r t t i m e - s c a l e ("MO 
n s ) o v e r w h i c h t h e y were p r o d u c e d . 
I n o r d e r t o p u r s u e t h i s i d e a t h e y d e v i s e d a s i m p l e 
e x p e r i m e n t . A 25 cm f / 0 . 5 p a r a b o l i c m i r r o r was mounted a t t h e 
bo t tom of a d u s t b i n , and a p h o t o m u l t i p 1 i e r p o s i t i o n e d w i t h i t s 
p h o t o c a t h o d e a t t h e f o c u s of t h e m i r r o r . C o u p l i n g t h i s to t h e 
f a s t e s t a m p l i f i e r t h e n a v a i l a b l e ( 0 . 0 3 fis r i s e - t i m e ) t h e y were a b l e 
t o make t h e f i r s t o b s e r v a t i o n s of C e r e n k o v l i g h t f rom t h e n i g h t s k y 
( G a l b r a i t h and J e l l e y , 1 9 5 3 ) . 
B e f o r e g o i n g i n t o t h e h i s t o r y of t h e t e c h n i q u e ' s u s e i n gamma 
r a y a s t r o n o m y t h e p r o c e s s e s i n v o l v e d i n t h e d e v e l o p m e n t of t h e EAS 
w i l l be d i s c u s s e d . 
2 . 3 The D e v e l o p m e n t of a Gamma Ray I n i t i a t e d 
E l e c t r o n - P h o t o n C a s c a d e . 
When a p r i m a r y h i g h e n e r g y gamma r a y e n t e r s t h e a t m o s p h e r e , 
an EAS i s g e n e r a t e d . T h i s i s i n i t i a t e d by p a i r - p r o d u c t i o n , and t h e 
g r o w t h of t h e shower t a k e s p l a c e v i a s u c c e s s i v e s t e p s of 
B r e m s s t r a h 1ung and f u r t h e r p a i r - p r o d u c t i o n . The shower d e v e l o p s to 
a maximum, and t h e n d i e s away a s t h e e n e r g y i s e x p e n d e d . 
The l a t e r a l g rowth of t h e shower i s m a i n l y due to Coulomb 
s c a t t e r i n g of t h e e l e c t r o n s and t h e i r d e f l e c t i o n i n t h e E a r t h ' s 
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g e o m a g n e t i c f i e l d . 
In t h i 5 s e c t i o n t h e s e p r o c e s s e s a r e d i s c u s s e d , and t h e 
d e v e l o p m e n t of a t y p i c a l 1000 GeV s h o w e r i s d e s c r i b e d . 
2 . 5 . 1 B r e m s s t r a h l u n g • 
The r e s u l t of t h e i n t e r a c t i o n b e t w e e n an e l e c t r o n and an atom 
d e p e n d s on t h e d i s t a n c e of c l o s e s t a p p r o a c h (R) of t h e e l e c t r o n to 
t h e a t o m i c n u c l e u s . I f R i s l a r g e r t h a n a t o m i c d i m e n s i o n s t h e n t h e 
atom a s a w h o l e r e a c t s t o t h e f i e l d of t h e p a s s i n g e l e c t r o n 
r e s u l t i n g i n i t s e x c i t a t i o n or i o n i z a t i o n . When R i s of t h e o r d e r 
of a t o m i c d i m e n s i o n s t h e p r o b l e m becomes one of a c o l l i s i o n be tween 
t h e i n c i d e n t e l e c t r o n and an a t o m i c e l e c t r o n . At v a l u e s of R l e s s 
t h a n a t o m i c d i m e n s i o n s t h e i n t e r a c t i o n r e s u l t s i n t h e e m i s s i o n of 
B r e m s s t r a h l u n g . 
The d i f f e r e n t i a l r a d i a t i o n p r o b a b i l i t y f o r e l e c t r o n s i n a i r 
i s p l o t t e d a g a i n s t E ' / E i n F i g u r e 2 . 3 ( f rom R o s s i and G r e i s e n , 
1 9 4 1 ) . 
2 . 5 . 2 P a i r - P r o d u c t i o n . 
As w i t h e l e c t r o n - a t o m i n t e r a c t i o n s , p h o t o n - a t o m i n t e r a c t i o n s 
may be d i v i d e d i n t o t h r e e c a s e s . The i n t e r a c t i o n of t h e photon w i t h 
t h e atom a s a w h o l e i s known a s t h e p h o t o - e l e c t r i c e f f e c t , t h e 
i n t e r a c t i o n of t h e p h o t o n w i t h an a t o m i c e l e c t r o n , w h i c h may be 
r e g a r d e d a s f r e e , r e s u l t s i n t h e Compton e f f e c t , and t h e 
i n t e r a c t i o n of t h e p h o t o n w i t h t h e n u c l e u s r e s u l t s i n 
p a i r - p r o d u c t i o n . S i n c e t h e r e s t e n e r g y of an e l e c t r o n or p o s i t r o n 
i s 0 .51 HeV, t h e p h o t o n must h a v e e n e r g y of a t l e a s t 1 .02 MeV to 
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F i g u r e 2 . 3 D i f f e r e n t i a l R a d i a t i o n P r o b a b i l i t y per R a d i a t i o n 
L e n g t h of A i r f o r E l e c t r o n s of V a r i o u s E n e r g i e s 
( t h e numbers a t t a c h e d to t h e c u r v e s a r e t h e e l e c t r o n 
e n e r g i e s ( e V ) ) : f rom R o s s i and G r e i s e n , 1 9 4 1 . 
In F i g u r e 2 . 4 , t h e d i f f e r e n t i a l p r o b a b i l i t y of 
p a i r - p r o d u c t i o n per r a d i a t i o n l e n g t h of a i r f o r p h o t o n s of v a r i o u s 
e n e r g i e s i s p l o t t e d a g a i n s t E ' / E , t h e r a t i o of p o s i t r o n e n e r g y to 
e l e c t r o n e n e r g y ( i b i d . ) ] t h e p r o c e s s i s s y m m e t r i c a l w i t h r e s p e c t to 
t h e i n t e r c h a n g e of E ' and E . 
2 . 3 . 5 Coulomb S c a t t e r i n g . 
The p r i n c i p a l d i s p e r s i v e p r o c e s s i n v o l v e d i n shower 
d e v e l o p m e n t i s t h e Coulomb s c a t t e r i n g of c a s c a d e e l e c t r o n s by a i r 
n u c l e i . 
From R o s s i and S r e i s e n ( R o s s i and G r e i s e n , 1941) t h e mean 
s q u a r e a n g l e of s c a t t e r f o r r e l a t i v i s t i c p a r t i c l e s w i t h momentum p 
i s g i v e n by t h e r e l a t i o n 
<«=> = E . 2 t r a d i a n s ( 2 . 6 ) 
P 2 / 3 2 
where t i s t h e p a t h l e n g t h m e a s u r e d i n u n i t s of t h e r a d i a t i o n 
l e n g t h , X 0 ( w h i c h h a s t h e v a l u e of 3 7 . 7 g e m - 2 i n a i r ) , and E . i s a 
c o n s t a n t (21 M e V ) , w h i c h i s i n d e p e n d e n t of p a r t i c l e mass and t h e 
n a t u r e of t h e medium. F o r t y p i c a l c a s c a d e e l e c t r o n s , p * E , t h e 
e l e c t r o n e n e r g y , and 0 1. Hence o v e r a s i n g l e r a d i a t i o n l e n g t h , 
e q u a t i o n ( 2 . 6 ) l e a d s to 
< « > r m m * 21_ r a d i a n s ( 2 . 7 ) 
E 
when E i s i n MeV. T h u s f o r a t y p i c a l c a s c a d e e l e c t r o n , w i t h E * 100 
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F i g u r e 2 . 4 D i f f e r e n t i a l P r o b a b i l i t y of P a i r P r o d u c t i o n per 
R a d i a t i o n L e n g t h of A i r f o r P h o t o n s of V a r i o u s 
E n e r g i e s ( t h e n u m b e r s a t t a c h e d t o t h e c u r v e s a r e 
t h e e n e r g i e s (eV) of p r i m a r y p h o t o n s ) : f rom R o s s i 
and G r e i s e n , 1 9 4 1 . 
s e c t i o n 2 . 4 . 2 , t h i s i s an o r d e r of m a g n i t u d e l a r g e r t h a n t h e 
C e r e n k o v c o n e a n g l e . 
I n F i g u r e 2 . 5 , a c o m p a r i s o n i s made b e t w e e n t h e Coulomb 
s c a t t e r i n g a n g l e ( u s i n g e q u a t i o n 2 . 7 ) and t h e C e r e n k o v c o n e a n g l e , 
a s a f u n c t i o n of e l e c t r o n e n e r g y . From t h i s i t c a n be s e e n t h a t 
e v e n a t v e r y h i g h e l e c t r o n e n e r g i e s (> 100 MeV) t h e s c a t t e r i n g 
a n g l e s a r e f r e q u e n t l y of t h e same o r d e r or l a r g e r t h a n t h e C e r e n k o v 
a n g l e . T h u s , many of t h e f e a t u r e s of t h e C e r e n k o v r a d i a t i o n a r e 
masked by t h e e f f e c t s of Coulomb s c a t t e r i n g . 
2 . 3 . 4 The E f f e c t of t h e E a r t h ' s G e o m a g n e t i c F i e l d . 
The e f f e c t of b r o a d e n i n g of EAS due t o t h e d e f l e c t i o n of 
c a s c a d e e l e c t r o n s by t h e E a r t h ' s g e o m a g n e t i c f i e l d was f i r s t n o t e d 
by C o c c o n i ( C o c c o n i , 1 9 5 4 ) . T h i s p r o c e s s i s no t s i g n i f i c a n t a t s e a 
l e v e l , b u t a t h e i g h t s g r e a t e r t h a n 1 0 - 1 5 km i t d o m i n a t e s o v e r 
Coulomb s c a t t e r i n g u n d e r s u i t a b l e g e o m e t r i c c o n d i t i o n s , a s p o i n t e d 
out by G r e i s e n ( G r e i s e n , 1 9 5 6 ) . 
The r e s u l t s of i n c o r p o r a t i n g t h e e f f e c t s of t h e E a r t h ' s 
g e o m a g n e t i c f i e l d i n d e t a i l e d c a l c u l a t i o n s w e r e f i r s t r e p o r t e d by 
B r o w n i n g and T u r v e r ( B r o w n i n g and T u r v e r , 1 9 7 7 ) . They c a l c u l a t e d 
t h e l a t e r a l d i s t r i b u t i o n of C e r e n k o v r a d i a t i o n f rom 100 GeV gamma 
r a y i n i t i a t e d s h o w e r s , i n j e c t e d v e r t i c a l l y , and o b s e r v e d u s i n g a 
d e t e c t o r w i t h an o p e n i n g ( f u l l ) a n g l e of 1 ° . In t h e c a s e of t h e 
g e o m a g n e t i c f i e l d b e i n g a p p l i e d t h e l i g h t p o o l was found to be 
a p p r o x i m a t e l y 107. l a r g e r t h a n w i t h no f i e l d , w i t h c o r r e s p o n d i n g l y 
l o w e r peak p h o t o n d e n s i t y . 
14 
(0 to HI 







(saa j6ap) S |6uv BuNei jeos quioinoo pue 9|6uv auoQ Ao^uajao 
2 . 3 . 5 A T y p i c a l 1000 GeV S h o w e r . 
A r e p r e s e n t a t i o n , i n one d i m e n s i o n , of a gamma r a y i n i t i a t e d 
s h o w e r i s p r e s e n t e d i n F i g u r e 2 . 6 ( f rom L o n g a i r , 1 9 8 1 ) . In t h i s 
s i m p l e model i t i s a s s u m e d t h a t t h e e l e c t r o n - p o s i t r o n p a i r s s h a r e 
t h e a v a i l a b l e e n e r g y e q u a l l y , and t h a t o v e r e a c h r a d i a t i o n l e n g t h 
e a c h of t h e s e p a r t i c l e s l o s e s h a l f i t s e n e r g y i n r a d i a t i n g one 
B r e m s s t r a h l u n g p h o t o n . T h u s t h e number of c a s c a d e p a r t i c l e s d o u b l e s 
a f t e r e a c h r a d i a t i o n l e n g t h u n t i l p a r t i c l e e n e r g i e s a r e r e d u c e d t o 
t h e p o i n t w h e r e i o n i z a t i o n l o s s e s d o m i n a t e o v e r r a d i a t i o n 
p r o c e s s e s . 
F u l l Monte C a r l o s i m u l a t i o n s ( B r o w n i n g and T u r v e r , 1977) h a v e 
i n d i c a t e d t h a t f o r a t y p i c a l 1000 GeV gamma r a y i n i t i a t e d s h o w e r , 
t h e f i r s t i n t e r a c t i o n i s a t a d e p t h of a b o u t 40 g e m - 2 , w i t h t h e 
s h o w e r m a x i m i s i n g a t a r o u n d 250 g e m - 2 . (10 km a . s . l . ) . At t h e 
maximum, t h e r e a r e a b o u t 1000 e l e c t r o n s . 
The C e r e n k o v l i g h t p o o l p r o d u c e d h a s a d i a m e t e r of 1 0 0 - 2 0 0 m, 
w i t h p h o t o n d e n s i t i e s of t y p i c a l l y 30 p h o t o n s m - 2 . T h i s p u l s e 
p a s s e s t h e o b s e r v a t i o n l e v e l i n a t i m e l e s s t h a n 5 n s . T h e r e a r e 
few s u r v i v i n g e l e c t r o n s or p h o t o n s f rom t h e c a s c a d e . 
2 . 4 C h a r a c t e r i s t i c s of t h e C e r e n k o v R a d i a t i o n P r o d u c e d by t h e 
C a s c a d e . 
2 . 4 . 1 The E l e c t r o n E n e r g y T h r e s h o l d f o r E m i s s i o n . 
The e l e c t r o n e n e r g y t h r e s h o l d f o r e m i s s i o n , w h i c h i s a 
f u n c t i o n of a l t i t u d e , i s c a l c u l a t e d a s f o l l o w s . 
The e n e r g y ( E ) of a p a r t i c l e of r e s t mass ro0 i s g i v e n by t h e 
e q u a t i on 
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Figure 2.6 Simple Model of Gamma Ray Initiated Cascade. 
E = m 0 c 2 C1 - ( v / c ) = ] - ° - = ( 2 . 8 ) 
From e q u a t i o n ( 2 . 4 ) , t h e t h r e s h o l d f o r e m i s s i o n c o r r e s p o n d s to v / c 
= 1/T). At s e a l e v e l , IJ = 1 . 0 0 0 2 9 , w h i c h f o r e l e c t r o n s l e a d s to a 
t h r e s h o l d e n e r g y f o r e m i s s i o n of a p p r o x i m a t e l y 21 MeV, r i s i n g to 
a b o u t 43 MeV a t 10 km a . 5 . 1 . 
2 . 4 . 2 The C e r e n k o v Cone A n g l e . 
The C e r e n k o v c o n e a n g l e (a) i s d e p e n d e n t on both p a r t i c l e 
e n e r g y and . a l t i t u d e . The maximum v a l u e ( « m a H ) i s o b t a i n e d f rom 
e q u a t i o n 2 . 5 . Thus a t s e a l e v e l , « m a x i s about 1 . 3 ° , r e d u c i n g to 
l e s s t h a n 1° a t 10 km a . s . l . 
C u r v e s r e l a t i n g t h e C e r e n k o v c o n e a n g l e and e l e c t r o n k i n e t i c 
e n e r g y f o r d i f f e r e n t a l t i t u d e s w e r e shown i n F i g u r e 2 . 5 . From t h i s 
t h e v a l u e s f o r t h e t h r e s h o l d e n e r g y and maximum C e r e n k o v cone a n g l e 
may a l s o be o b t a i n e d . 
2 . 4 . 3 The S i z e of t h e L i g h t P o o l . 
The s i z e of t h e l i g h t poo l p r o d u c e d by an E A S , i n i t i a t e d by a 
gamma r a y of a p a r t i c u l a r e n e r g y , i s g o v e r n e d p r i m a r i l y by t h e 
d e p t h of t h e maximum of t h e EAS d e v e l o p m e n t . The p a r a m e t e r u s e d 
h e r e t o m e a s u r e ' s i z e ' i s b a s e d on t h e l a t e r a l d i s t r i b u t i o n of 
l i g h t , b e i n g d e f i n e d a s t h e r a d i u s <R«) a t w h i c h t h e photon d e n s i t y 
h a s f a l l e n t o 1 /e of i t s peak v a l u e . 
The main p r o c e s s e s w h i c h d e t e r m i n e t h e v a l u e of R . a r e t h e 
Coulomb and g e o m a g n e t i c s c a t t e r i n g of t h e p a r t i c l e s i n a s h o w e r , 
and t h e e m i s s i o n of l i g h t a t an a n g l e to t h e e l e c t r o n / p o s i t r o n 
t r a c k s . The e f f e c t of t h e l a s t of t h e s e a l o n e may be c a l c u l a t e d as 
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• f o i l o w s . 
C o n s i d e r a s i n g l e u l t r a - r e l a t i v i s t i c e l e c t r o n i n c i d e n t 
v e r t i c a l l y a t t h e top of t h e a t m o s p h e r e ( t h e e f f e c t s of t h e 
s c a t t e r i n g and s l o w i n g down of t h e e l e c t r o n , and t h e s c a t t e r i n g and 
r e f r a c t i o n of l i g h t w i l l be n e g l e c t e d f o r t h e p u r p o s e s of t h i s 
c a l c u l a t i o n ) . The l i g h t p r o d u c e d a t a h e i g h t h and a t C e r e n k o v 
a n g l e a ( r a d i a n s ) , a r r i v e s a t t h e o b s e r v a t i o n p l a n e a t a d i s t a n c e r 
f rom t h e p o i n t of e l e c t r o n i m p a c t . F o r s m a l l v a l u e s of « t h i s l e a d s 
t o t h e r e l a t i o n 
r = h a ( 2 . 9 ) 
Now, f o r s m a l l v a l u e s of a , 
c o s ( a ) = 1 - a 2 ( 2 . 1 0 ) 
The e q u a t i o n f o r t h e maximum C e r e n k o v a n g l e ( 2 . 5 ) may be 
r e a r r a n g e d t o g i v e 
c o s ( a m « K ) = 1_ ( 2 . 1 1 ) 
n 
The r e f r a c t i v e i n d e x (/?) may be w r i t t e n i n t h e form 
n = 1+N ( 2 . 1 2 ) 
where N = N 0 e < - h / l > ( N Q = 2 . 9 1 0 - 4 , and 1 = 7.1 when h i s i n km) . 
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From e q u a t i o n s ( 2 . 1 0 ) - ( 2 . 12) we o b t a i n 
a m « H = [ 2 N ( l + N ) - l J ° - = 
. * ( 2 N ) ° - = ( 2 . 13) 
S u b s t i t u t i n g ( 2 . 1 3 ) i n t o ( 2 . 9 ) g i v e s 
r ( n „ . , ) = h ( 2 N ) ° - = 
= ( 2 N 0 > 0 - ° h e < - h ' 2 1 > ( 2 . 1 4 ) 
T h i s h a s i t s maximum v a l u e when h = 21 (= 1 4 . 2 km) w h i c h 
l e a d s t o a maximum v a l u e -for r of 126m. 
As h a s been n o t e d p r e v i o u s l y , h o w e v e r , t h e e f f e c t i v e a n g u l a r 
d i s t r i b u t i o n of t h e l i g h t p r o d u c e d i n t h e EAS i s g o v e r n e d more by 
t h e Coulomb and g e o m a g n e t i c s c a t t e r i n g of t h e p a r t i c l e s i n t h e 
s h o w e r . T h e s e e f f e c t s h a v e been t a k e n i n t o a c c o u n t i n d e t a i l e d 
c o m p u t e r s i m u l a t i o n s ( B r o w n i n g and T u r v e r , 1977) t h e r e s u l t s of 
w h i c h i n d i c a t e t h a t t h e maximum r a d i u s of t h e l i g h t poo l p r o d u c e d 
by a 1000 GeV gamma r a y i n i t i a t e d shower i s "" 4 0 0 - 4 5 0 m. H o w e v e r , 
i n p r a c t i c e t h e e f f e c t i v e s i z e of t h e l i g h t pool i s much s m a l l e r 
t h a n t h i s when t h e a n g u l a r a c c e p t a n c e of t h e t y p i c a l gamma r a y 
t e l e s c o p e ( ^ 2 ° FWHM) i s t a k e n i n t o a c c o u n t ; t h e c a l c u l a t i o n s above 
r e f e r r i n g , i n e f f e c t , t o d e t e c t o r s of 1 8 0 ° a n g u l a r a c c e p t a n c e . From 
t h e s i m u l a t i o n s d e s c r i b e d i n C h a p t e r 4 , v a l u e s f o r t h e e f f e c t i v e 
r a d i u s of t h e l i g h t p o o l p r o d u c e d by a v e r t i c a l l y i n j e c t e d 1000 GeV 
p r i m a r y gamma r a y r a n g e f rom '"45 m to M 1 0 m, a t y p i c a l v a l u e b e i n g 
•MOOm. 
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2 . 4 . 4 The R a t e of P h o t o n P r o d u c t i o n . 
Most of t h e C e r e n k o v e m i s s i o n o c c u r s i n t h e w a v e l e n g t h band 
3 5 0 - 5 5 0 nm, t h e b l u e end of t h e o p t i c a l s p e c t r u m . A l t h o u g h t h e 
e f f i c i e n c y of p r o d u c t i o n of C e r e n k o v l i g h t i n a i r i s v e r y l o w , t h e 
e n e r g y of an o p t i c a l pho ton i s a l s o low (about 3 e V ) , so t h e number 
of p h o t o n s p r o d u c e d i s h i g h , and i t i s t h i s w h i c h c o n t r i b u t e s to 
t h e s u c c e s s of t h e t e c h n i q u e i n g i v i n g a w o r t h w h i l e s a m p l e of a 
p e n e t r a t i n g component of t h e E A S . At s e a l e v e l t h e r a t e of 
p r o d u c t i o n of l i g h t i s a b o u t 0 . 3 p h o t o n s c m - 1 of p a t h p e r e l e c t r o n 
( J e l l e y , 1 9 5 8 ) . 
2 . 4 . 5 The A t t e n u a t i o n of L i g h t i n t h e A t m o s p h e r e . 
L i g h t i s a t t e n u a t e d i n t h e a t m o s p h e r e a t d i f f e r e n t r a t e s 
d e p e n d i n g on w a v e l e n g t h and a l t i t u d e . T h i s a t t e n u a t i o n i s p r i m a r i l y 
due t o R a y l e i g h s c a t t e r i n g , a e r o s o l s c a t t e r i n g and o2one 
a b s o r p t i o n . R a y l e i g h ( m o l e c u l a r ) s c a t t e r i n g of l i g h t d e p e n d s o n l y 
on t h e m o l e c u l e number d e n s i t y . S c a t t e r i n g by a e r o s o l s ( s m a l l 
p a r t i c l e s , 1 -10 fitn i n s i z e ) d e p e n d s on t h e i r s i z e d i s t r i b u t i o n and 
number d e n s i t y . I t i s most i m p o r t a n t n e a r g round l e v e l and i s a 
h i g h l y f l u c t u a t i n g e f f e c t . Ozone a b s o r p t i o n i s a ma jor f a c t o r o n l y 
a t w a v e l e n g t h s l e s s t h a n 290 nm p a s s i n g t h r o u g h h i g h a l t i t u d e s , and 
t h e e f f e c t s of o t h e r a t t e n u a t i o n p r o c e s s e s , s u c h a s d i s p e r s i o n , 
d i f f r a c t i o n and r e f r a c t i o n a r e n e g l i g i b l e . 
2 . 5 The E x p e r i m e n t a l T e c h n i q u e . 
I n i t s s i m p l e s t f o r m , a gamma r a y t e l e s c o p e b a s e d on t h e 
a t m o s p h e r i c C e r e n k o v t e c h n i q u e c o n s i s t s of a m i r r o r w i t h a 
p h o t o m u l t i p l i e r t u b e (PMT) a t i t s f o c u s . The PliT and a s s o c i a t e d 
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e l e c t r o n i c s must be of f a s t r e s p o n s e ( r i s e t i m e < 5 n s ) , i n o r d e r 
to a c h i e v e a good s i g n a l t o n o i s e ( S / N ) r a t i o . F o r t h e same r e a s o n , 
s i n c e s o u r c e s of VHE gamma r a y s a r e e x p e c t e d t o p r o d u c e a l i g h t 
s p o t i n t h e s k y w i t h a n g u l a r d i m e n s i o n s of a b o u t 2 ° , t h e a n g u l a r 
a c c e p t a n c e of t h e t e l e s c o p e must be of t h i s o r d e r . 
The p r i n c i p a l d i s a d v a n t a g e of t h e t e c h n i q u e i s that- t h e r e i s , 
a t p r e s e n t , no r e l i a b l e .way of d i s t i n g u i s h i n g be tween t h e l i g h t 
p r o d u c e d by p h o t o n i n i t i a t e d s h o w e r s , and t h a t p r o d u c e d by t h e v e r y 
much more f r e q u e n t n u c l e o n i n d u c e d o n e s . O t h e r t e c h n i q u e s a p p l i e d 
to low e n e r g y (100 MeV) gamma r a y a s t r o n o m y u s e a n t i - c o i n c i d e n c e 
s h i e l d s t o e x c l u d e t h e l a t t e r . 
The m a j o r r e q u i r e m e n t , t h e r e f o r e , i s to o p t i m i s e t h e 
p a r a m e t e r s f o r t h e d e t e c t i o n of a d i s c r e t e gamma r a y s o u r c e a g a i n s t 
t h e v a s t b a c k g r o u n d of p u l s e s p r o d u c e d by t h e p r i m a r y c o s m i c r a y 
f l u x . F o r t u n a t e l y , t h i s b a c k g r o u n d f l u x i s s p a t i a l l y i s o t r o p i c , 
w h e r e a s i t i s e x p e c t e d t h a t a l l h i g h e n e r g y gamma r a y s o u r c e s w i l l , 
i n . e f f e c t , be p o i n t s o u r c e s . In a d d i t i o n , t h e p e r i o d i c i t y o f , f o r 
e x a m p l e , p u l s a r s o u r c e s a i d s t h e i r d e t e c t i o n a g a i n s t t h e random CR 
b a c k g r o u n d . 
A s e c o n d r e q u i r e m e n t i s t h a t t h e c o l l e c t i o n a r e a s and e n e r g y 
t h r e s h o l d s of t h e d e t e c t o r s be known, i n o r d e r to d e t e r m i n e t h e 
a b s o l u t e v a l u e of any d e t e c t e d f l u x . H e r e , d e t a i l e d computer 
s i m u l a t i o n s of t h e d e t e c t o r r e s p o n s e a r e of g r e a t v a l u e , g i v i n g t h e 
o n l y method of e s t i m a t i n g t h e s e i m p o r t a n t q u a n t i t i e s . 
2 . 5 . 1 O p t i m i s i n g t h e D e s i g n of a Gamma Ray T e l e s c o p e . 
The employment of f a s t PHTs and a g e o m e t r i c a l a p e r t u r e of ^ 2 ° 
h a v e a l r e a d y been c i t e d a s n e c e s s a r y i n a c h i e v i n g an a c c e p t a b l e S / N 
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r a t i o f o r a gamma r a y t e l e s c o p e . To improve t h i s f u r t h e r , t h e u s e 
of two or more f l u x c o l l e c t o r s i n c o i n c i d e n c e i s r e q u i r e d ; a 
t e l e s c o p e o p e r a t i n g w i t h a t h r e e f o l d c o i n c i d e n c e s y s t e m a l l but 
e l i m i n a t e s t h e p o s s i b i l i t y of a c c i d e n t a l t r i g g e r i n g of t h e s y s t e m 
and a l l o w s t h e u s e of t h e l o w e s t e n e r g y t h r e s h o l d . 
S i n c e t h e s p e e d of r e s p o n s e of a PMT i s s e n s i t i v e to c h a n g e s 
i n g a i n , c a u s e d by v a r y i n g s k y b r i g h t n e s s , some form of s e r v o 
s y s t e m i s r e q u i r e d f o r s t a b l e o p e r a t i o n . U s u a l l y t h i s i s a c h i e v e d 
by s h i n i n g a l i g h t s o u r c e i n t o t h e PMT and v a r y i n g i t s i n t e n s i t y t o 
m a i n t a i n c o n s t a n t anode c u r r e n t . T h i s t o p i c w i l l be d i s c u s s e d 
f u r t h e r i n C h a p t e r 3 ( s e c t i o n 3 . 5 . 1 ) w i t h r e f e r e n c e to t h e 
U n i v e r s i t y of Durham f a c i l i t y a t Dugway. 
2 . 6 P r e v i o u s O b s e r v a t i o n s U s i n g t h e T e c h n i q u e . 
Work h a s been c a r r i e d out i n t h e f i e l d of VHE gamma r a y 
a s t r o n o m y u s i n g t h e g r o u n d - b a s e d a t m o s p h e r i c C e r e n k o v t e c h n i q u e f o r 
more t h a n a d e c a d e . 
The e a r l i e s t o b s e r v a t i o n s were made a r o u n d 1970 by g r o u p s 
o p e r a t i n g i n M a l t a ( f rom D u b l i n ) and a t t h e Mount H o p k i n s 
O b s e r v a t o r y (MHO) i n A r i z o n a , s i n c e renamed t h e F . L . W h i p p l e 
O b s e r v a t o r y (FWO). Of t h e s e two o n l y t h e l a t t e r i s s t i l l i n 
o p e r a t i o n . In 1972 o b s e r v a t i o n s commenced a t t h e C r i m e a n 
O b s e r v a t o r y , U . S . S . R . , w h i c h i s s t i l l i n o p e r a t i o n , and a t 
N a r r a b r i , N . S . W . , A u s t r a l i a , u s i n g t h e H a n b u r y - B r o w n s t e l l a r 
i n t e r f e r o m e t e r . S i n c e 1977 m e a s u r e m e n t s have been c o n d u c t e d a t t h e 
Ootacamund O b s e r v a t o r y ( 0 0 T Y ) i n I n d i a , and i n 1 9 8 1 , t h e y e a r i n 
w h i c h t h e U n i v e r s i t y of Durham f a c i l i t y a t Dugway, Utah was 
e s t a b l i s h e d , work began a t t h e Iowa S t a t e - J e t P r o p u l s i o n L a b o r a t o r y 
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( J P L ) f a c i l i t y a t E d w a r d s A i r F o r c e B a s e i n C a l i f o r n i a . 
The e q u i p m e n t u s e d a t t h e s e l o c a t i o n s i s now s u m m a r i s e d : 
1. FHQ; A 10 m r e f l e c t o r and s e v e r a l 1 . 5 m r e f l e c t o r s have 
been u s e d i n v a r i o u s c o i n c i d e n c e modes . The work c u r r e n t l y b e i n g 
c o n d u c t e d i s a c o l l a b o r a t i o n i n v o l v i n g w o r k e r s f rom s i x c e n t r e s 
i n c l u d i n g Durham, t h e d e t a i l s of w h i c h a r e d i s c u s s e d i n C h a p t e r 5 . 
2 . M a l t a ; A C e r e n k o v d e t e c t o r c o n s i s t i n g of f o u r 1 m 
r e f l e c t o r s o p e r a t i n g i n c o i n c i d e n c e was e m p l o y e d by U n i v e r s i t y 
C o l l e g e , D u b l i n u n t i l 1 9 7 5 . 
3 . C r i m e a : The group h e r e u s e s an a r r a y of f o u r 1 .5 m 
r e f l e c t o r s . R e c e n t l y a c a m e r a of 19 PMTs h a s r e p l a c e d t h e q u a d r u p l e 
m i r r o r s y s t e m . I n a d d i t i o n , an a r r a y of f o u r r e f l e c t o r s , a 
d u p l i c a t e of t h e o r i g i n a l e x p e r i m e n t , was e s t a b l i s h e d a t a h i g h 
a l t i t u d e s t a t i o n i n 1 9 7 9 . 
4 . N a r r a b i : Two 7 m r e f l e c t o r s were o p e r a t e d i n c o i n c i d e n c e , 
p r o v i d i n g so f a r t h e o n l y VHE gamma r a y o b s e r v a t i o n s from t h e 
s o u t h e r n h e m i s p h e r e . 
5 . 0 Q T Y : C o i n c i d e n c e s y s t e m s of 0 . 9 m and 1 .5 m r e f l e c t o r s a r e 
u s e d i n a r r a y and compact c o n f i g u r a t i o n s . 
6 . J F L : Two 7 m r e f l e c t o r s s e p a r a t e d by 25 m were o p e r a t e d i n 
c o i n c i d e n c e d u r i n g s h o r t o b s e r v a t i o n s i n 1 9 8 0 - 1 9 8 1 . 
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2 . 6 . 1 Summary pf t h e Main R e s u l t s . 
The s o u r c e s d e t e c t e d by 1982 a t VHE gamma r a y w a v e l e n g t h s a r e 
t h e C r a b and V e l a p u l s a r s , . C y g n u s X - 3 , and C e n t a u r u s A. The r e s u l t s 
a r e s u m m a r i s e d i n T a b l e s 2 .1 to 2 . 4 , t a k e n -from a paper by G r i n d l a y 
( G r i n d l a y , 1 9 8 2 a ) who made t h e p o i n t t h a t t h e e n e r g y t h r e s h o l d s and 
f l u x e s l i s t e d i n t h e s e t a b l e s s h o u l d be r e g a r d e d a s u n c e r t a i n . 
l . T h e C r a b P u l s a r . 
D e t e c t i o n of t h i s s o u r c e , s u m m a r i s e d i n T a b l e 2 . 1 , h a s been 
r e p o r t e d by f i v e d i f f e r e n t g r o u p s . The r e s u l t s e x h i b i t some 
d i s a g r e e m e n t , p a r t i c u l a r l y w i t h r e g a r d t o t h e t i m e a v e r a g e d f l u x e s ; 
a p o s s i b l e e x p l a n a t i o n f o r t h i s i s o f f e r e d l a t e r i n t h i s t h e s i s . 
The f i r s t e x t e n d e d o b s e r v a t i o n s of t h e C r a b N e b u l a u s i n g t h e 
a t m o s p h e r i c C e r e n k o v t e c h n i q u e were t h o s e of Chudakov (Chudakov et 
al, 1 9 6 2 , 1965) w h i c h w e r e c a r r i e d out i n 1 9 6 0 - 1 9 6 1 . U s i n g t h e 
d r i f t s c a n t e c h n i q u e t h e y f o u n d an upper l i m i t of 5 . 0 x 1 0 - 1 1 
p h o t o n s c m ~ 2 s - 1 f o r p r i m a r y gamma r a y s of 5 TeV or more . F o l l o w i n g 
t h i s , F r u i n ( F r u i n et a l , 19.64) and Long (Long et al, 1965) 
r e p o r t e d o b s e r v a t i o n s p r o v i d i n g an upper l i m i t of 1 .3 x 1 0 ~ 1 1 
p h o t o n s c m _ 2 5 _ L f o r a t h r e s h o l d e n e r g y of 2 . 7 TeV . M e a s u r e m e n t s 
were a l s o c o n d u c t e d by F e g a n ( F e g a n et al, 1968) and T o r n a b e n e and 
C u s i m a n o ( T o r n a b e n e and C u s i m a n o , 1968) a t t h i s t i m e . 
The d i s c o v e r y , i n 1 9 6 8 , of t h e p u l s a r NP0532 r e v i v e d i n t e r e s t 
i n h i g h e n e r g y gamma r a y s f rom t h e n e b u l a . F o l l o w i n g t h e 
i 
d e v e l o p m e n t of v e r y p r e c i s e o p t i c a l m e a s u r e m e n t s of t h e p u l s a r 
( H o r o w i t z et a l , 1972) i t became p o s s i b l e t o a l i g n r u n s from 
s u c c e s s i v e n i g h t s i n p h a s e r e s u l t i n g i n i m p r o v e d s t a t i s t i c s . 
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i n o b s e r v a t i o n s made i n J a n u a r y 1971 ( G r i n d l a y , 1971) and i n 
N o v e m b e r - D e c e m b e r 1971 ( G r i n d l a y , 1 9 7 1 , G r i n d l a y e t a i , 1976) u s i n g 
t h e 10m r e f l e c t o r a t MHO, and e m p l o y i n g t h e d r i f t s c a n t e c h n i q u e . 
More s i g n i f i c a n t r e s u l t s w e r e o b t a i n e d i n 1 9 7 3 , but h e r e t h e peak 
of t h e e m i s s i o n was d i s p l a c e d f rom t h e o p t i c a l peak by 6 . 5 ms 
( G r i n d l a y e t a i , 1 9 7 3 , 1 9 7 4 , 1976) . . 
F u r t h e r p o s i t i v e p e r i o d i c e f f e c t s were r e p o r t e d by J e n n i n g s 
( J e n n i n g s a t a i , 1974) f o r o b s e r v a t i o n s c a r i e d out i n M a l t a i n 
F e b r u a r y - M a r c h 1970 u s i n g t h e f a s t a n n u l u s t e c h n i q u e . Two p e a k s 
were o b s e r v e d , s e p a r a t e d by t h e same amount a s t h e o p t i c a l main and 
i n t e r p u l s e , but d i s p l a c e d by 18 ms f rom t h e i r e x p e c t e d p o s i t i o n s . 
In a d d i t i o n t o t h e p h a s e o f f s e t t h e e v e n t s c o n s t i t u t i n g t h e e f f e c t 
a p p e a r e d t o s p r e a d out o v e r a w i d e r a n g l e t h a n t h a t e x p e c t e d from 
R i e k e ' s t h e o r y of t h e e l e c t r o n - p h o t o n s h o w e r s ( R i e k e , 1 9 6 9 ) . The 
p o s s i b i l i t y t h a t t h i s might be due t o g e o m a g n e t i c b r o a d e n i n g 
( P o r t e r , 1973) l e d t o an e x p e r i m e n t u s i n g a w i d e r a n g l e f i e l d of 
v i e w c a r r i e d ou t a t MHO i n 1972 and 1973 ( P o r t e r e t a i , 1 9 7 4 , 
1 9 7 6 ) . T h i s r e s u l t e d i n a s i g n i f i c a n t e f f e c t f o r t h e J a n u a r y 1972 
o b s e r v a t i o n s w i t h a s i n g l e p u l s e a t t h e o p t i c a l i n t e r p u l s e 
p o s i t i o n , bu t no e f f e c t was f o u n d i n F e b u a r y 1972 or i n 1973 . 
At t h e end of 1973 and b e g i n n i n g of 1974 a t h r e e f o l d 
c o i n c i d e n c e a r r a n g e m e n t was e m p l o y e d on t h e MHO 10m r e f l e c t o r 
r e s u l t i n g i n a p e r i o d i c e f f e c t b e i n g o b s e r v e d (Weekes and R i e k e , 
1 9 7 4 , He lmken e t a i , 1 9 7 5 , G r i n d l a y e t a i , 1 9 7 6 ) . A s i n g l e peak was 
f o u n d d i s p l a c e d by ^2 ms f rom t h e o p t i c a l i n t e r p u l s e . 
O b s e r v a t i o n s a t an e n e r g y of 6 . 4 TeV were r e c o r d e d by t h e 
00TY g r o u p w h i c h r e p o r t e d t h e d e t e c t i o n of two p u l s e s at t h e 
c o r r e c t o p t i c a l m a i n - i n t e r p u l s e s p a c i n g , but t h e a b s e n c e of 
24 
a b s o l u t e p h a s e i n f o r m a t i o n p r e c l u d e d t h e s y n c h r o n i s a t i o n of t h e s e 
w i t h o p t i c a l m e a s u r e m e n t s ( G u p t a et a i , 1 9 7 7 ) . F u r t h e r o b s e r v a t i o n s 
by t h i s g roup i n 1 9 7 8 - 1 9 8 0 were u n s u c c e s s f u l , but i n 1981 a 
s i g n i f i c a n t r e s u l t was o b t a i n e d , w i t h d e t e c t i o n once a g a i n of two 
p u l s e s a t t h e a p p r o p r i a t e s p a c i n g a t u n c e r t a i n p h a s e . 
By and l a r g e t h e r e s u l t s of o b s e r v a t i o n s on PSR0531+20 a r e 
d i f f e r e n t , and i f a l l were t o be a c c e p t e d t h e p u l s a r would be 
r e q u i r e d t o be v a r i a b l e i n bo th a m p l i t u d e and p h a s e . H o w e v e r , t h e 
Dugway m e a s u r e m e n t s r e p o r t e d i n C h a p t e r 7 may o f f e r some 
e x p l a n a t i o n f o r t h e a p p a r e n t d i s c o r d a n c y . 
2 . V e l a P u l s a r . 
The f i r s t VHE gamma r a y m e a s u r e m e n t s of t h e V e l a p u l s a r 
s h o w i n g s i g n s of a p o s i t i v e e f f e c t were made by G r i n d l a y ( G r i n d l a y 
et a / , 1 9 7 5 b ) u s i n g t h e s t e l l a r i n t e r f e r o m e t e r a t N a r r a b r i . In t h i s 
work a peak was o b s e r v e d 3 ms e a r l y w i t h r e s p e c t to t h e p h a s e 
p r e d i c t e d f rom r a d i o o b s e r v a t i o n s . The a p p a r e n t f l u x d e t e c t e d i n 
1972 was M . O x 1 0 - 1 1 p h o t o n s c m ~ 2 s - 1 f o r an e n e r g y t h r e s h o l d of 
* 0 . 3 T e V . 
S u b s e q u e n t m e a s u r e m e n t s by t h e I n d i a n group a t Ootacamund 
h a v e y i e l d e d s i g n i f i c a n t r e s u l t s i n two out of f o u r o b s e r v i n g 
s e a s o n s , w i t h a s i m i l a r f l u x to t h a t r e c o r d e d by G r i n d l a y but f o r 
an e n e r g y t h r e s h o l d g r e a t e r by a b o u t one o r d e r of m a g n i t u d e . 
The r e s u l t s of VHE gamma r a y o b s e r v a t i o n s of t h i s s o u r c e , t h e 
s t r o n g e s t a t . 100 MeV e n e r g i e s , a r e s u m m a r i s e d i n T a b l e 2 . 2 . The 
p u l s e s of VHE gamma r a y e m i s s i o n f rom t h e p u l s a r a p p e a r to be 
n a r r o w and v a r i a b l e , a l t h o u g h f u r t h e r c o n f i r m a t i o n i s needed by new 
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3 . C y g n u s X - 3 . 
C y g n u s X - 3 h a s been t h e s u b j e c t of an e x t e n s i v e o b s e r v i n g 
programme by t h e C r i m e a n group s i n c e t h e r a d i o o u t b u r s t of 1 9 7 2 . 
The f i r s t o b s e r v a t i o n s , i n S e p t e m b e r 1 9 7 2 , r e s u l t e d i n t h e f i r s t 
d e t e c t i o n of VHE O 1 0 0 0 GeV) gamma r a y s f rom t h i s s o u r c e 
( V l a d i m i r s k i e t a i , 1 9 7 3 ) . The o b s e r v e d e f f e c t s were r e s t r i c t e d to 
t h e l o w e r e n e r g y c h a n n e l s u g g e s t i n g a. s t e e p e n e r g y s p e c t r u m . 
S u b s e q u e n t m e a s u r e m e n t s by t h i s g r o u p , and t h o s e a t a 
d i f f e r e n t o b s e r v a t o r y u s i n g a d u p l i c a t e e x p e r i m e n t (Mukanov e t a i , 
1979) showed t h e c h a r a c t e r i s t i c 4 . 8 hour p e r i o d i c i t y n o t e d i n X - r a y 
and IR o b s e r v a t i o n s . 
T h e r e h a s been e v i d e n c e f o r p e a k s i n t h e e m i s s i o n of VHE 
gamma r a y s f rom C y g n u s X - 3 , o c c u r r i n g a t X - r a y p h a s e s of ^0.1 and 
^ O ^ , w i t h some i n d i c a t i o n t h a t t h e r e l a t i v e s t r e n g t h s of t h e two 
p e a k s h a v e a l t e r e d s i n c e t h e f i r s t m e a s u r e m e n t s i n 1 9 7 2 . 
M e a s u r e m e n t s by Neshpor (Neshpor et a i , 19B0) and Danaher ( D a n a h e r 
e t a i , 1980) s u g g e s t t h a t i n 1 9 7 9 - 1 9 8 0 t h e dominan t f e a t u r e of t h e 
VHE s i g n a l was t h e i n t e r p u l s e a t p h a s e ""0.6 r a t h e r t h a n t h e main 
p u l s e p r e v i o u s l y o b s e r v e d a t p h a s e ^ O . l . 
C y g n u s X - 3 h a s now been d e t e c t e d by f o u r g r o u p s , a summary of 
t h e main r e s u l t s b e i n g p r o v i d e d i n T a b l e 2 . 3 . The r e s u l t s i n d i c a t e 
v a r i a b l e e m i s s i o n of VHE gamma r a y s a t or n e a r p h a s e s 0.1 and 0 . 6 
i n t h e 4 . 8 hour X - r a y p e r i o d . I n t e r p r e t a t i o n s of t h e d a t a s u g g e s t a 
f a s t , young p u l s a r as t h e c o l l a p s e d o b j e c t of t h e X - r a y b i n a r y 
s y s t e m . In t h i s c a s e a p u l s e d VHE gamma r a y s i g n a l may be e x p e c t e d 
w i t h a p e r i o d s h o r t e r t h a n t h a t of t h e C r a b p u l s a r , but so f a r t h i s 
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4.Centauru5 A. 
The de t ec t i on by Grindlay (Gr ind lay , 1975a) of the nearby 
r a d i o g a l a x y , Centaurus A, using the Narrabr i s t e l l a r 
i n t e r f e r o m e t e r , provided the f i r s t evidence of e x t r a g a l a c t i c gamma 
rays . A f l u x of 2.0 x 1 0 - 1 ° c m ~ 2 s - 1 was measured and i n t e r p r e t e d by 
Gr ind lay as emission from the Compton synchrotron process i n the 
compact g a l a c t i c nucleus. 
So f a r these measurements (Table 2 . 4 ) , which were made a 
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CHAPTER 3. 
THE UNIVERSITY OF DURHAM GAMMA RAY FACILITY AT DUGWAY. 
The U n i v e r s i t y of Durham f a c i l i t y f o r high energy gamma ray 
astronomy was es tab l i shed at Dugway Proving Grounds, Utah ( 4 0 . 2 ° N, 
112 .82° W), dur ing the Spring and Summer of 1981. This i s a United 
States Army base and t e s t area located at a desert s i t e about 80 
miles south-west of Sa l t Lake C i t y . 
The f a c i l i t y comprises an ar ray of fou r Cerenkov l i g h t 
de tec to r s arranged at the apices and centre of an e q u i l a t e r a l 
t r i a n g l e of side 100 m (Figure 3.1 and Pla te 1 ) . 
Each de t ec to r , or t e lescope , cons i s t s of three p a r a x i a l , 
p a r abo l i c m i r r o r s mounted on an a l t - a z i m u t h p l a t f o r m , w i th a f a s t 
PMT at the Cassegrain focus of each mi r ro r (P la te 2 ) . This use of 
three f l u x - c o l l e c t o r s , w i t h the requirement f o r a t h r e e f o l d 
coincidence between them f o r a de t ec t i on of the l i g h t f l a s h , 
p rovides an almost a c c i d e n t a l - f r e e de t ec t ion of a l o c a l Cerenkov 
s i g n a l . Each te lescope , i s equipped w i t h a pa rax i a l low l i g h t CCTV 
camera capable of d e t e c t i n g s i x t h magnitude s tars to provide 
continuous images of the f i e l d under s tudy. 
A caravan near the cent re of the array houses the supervis ing 
Tek t ron ix 4051 computer (TEK 4051) and most of the microprocessors 
and e l e c t r o n i c s employed to s teer the de tec tors and record the 
data. 
3. 1 The Choice of S i t e . 
The Dugway s i t e was chosen f o r a number of reasons:-
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r e s u l t i n g i n many c l e a r , c loudless n igh t s e spec i a l l y dur ing the 
months -from June to November. 
2. The s i t e i s i d e a l l y s i t u a t e d i n l a t i t u d e f o r the study of 
those high energy gamma ray source candidates which were of i n i t i a l 
i n t e r e s t to us, such as the Crab pulsar and Cygnus X-3, which 
culminate at or near the z e n i t h . 
3. The l o g i s t i c support given by the personnel on the Base 
was very h e l p f u l dur ing the opera t ion of an e a r l i e r cosmic ray 
experiment between 1977 and 1980, and has continued to be so. 
3.2 The S i t e C h a r a c t e r i s t i c s . 
3 .2 . 1 The Cl imate . 
The Utah desert c l ima te i s q u i t e wel l su i t ed to the purpose 
of the experiment . However, the annual temperature v a r i a t i o n s , 
i l l u s t r a t e d i n Figure 3 .2 , are l a r g e . The months when problems 
a r i s e are November to February, when the extremely low temperatures 
(-20°C) make opera t ion of mechanical components d i f f i c u l t . The 
f a c i l i t y i s not normal ly operated dur ing t h i s pe r iod , which 
co inc ides w i t h per iods of s u b s t a n t i a l cloud cover. 
Annual r a i n f a l l i s moderate, occur r ing evenly throughout the 
year, the only s i g n i f i c a n t source of i n t e f e r ence wi th observat ion 
in the June-November per iod being the thunderstorms which occur 
mainly i n Ju ly and August. The long runs of s ignal cable above 
ground present a prime t a rge t f o r l i g h t n i n g s t r i k e s , and s t r i c t 
measures are taken to ensure the i s o l a t i o n of the e l e c t r o n i c s in 
the event of a l o c a l s torm. Nevertheless there have been two 
instances of s u b s t a n t i a l l i g h t n i n g - i n d u c e d damage. There are on 
average s ix loca l thunderstorms dur ing these two months i n each 
29 
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Figure 3.2 Annual Temperature Fluctuations at Dugway. 
year; i n some weather cond i t i ons d i s t a n t l i g h t n i n g 
occurrence i n the l a t e evening. 
i s a f r equen t 
5 .2 .2 Sky C l a r i t y . 
The low h u m i d i t y , remote s i t e and high a l t i t u d e (1.4 km-
a . s . l . ) r e s u l t i n good sky c l a r i t y f o r much of the year, w i th s t a r s 
of magnitude 6.5 being v i s i b l e to the naked eye. 
The cloud cover throughout the year i s shown in Figure 3.3 
which compares the cover at Dugway wi th tha t at three other 
l o c a t i o n s , i n c l u d i n g Durham. These histograms i n d i c a t e the 
p r o p o r t i o n of t ime w i t h less than 2/8 cloud cover throughout the 
year. 
The disadvantage of the s i t e i n Utah i s t ha t i t i s subjec t to 
l a rge f l u c t u a t i o n s dur ing periods when cloud f r e e cond i t ions may be 
expected, being under the competing in f luences of the A r c t i c and 
S u b - t r o p i c a l j e t s t reams . A sou ther ly d r i f t i n the A r c t i c j e t s t ream 
b r ings storms f o l l o w e d by c lear weather from the P a c i f i c 
no r th -wes t ; dominance by the Sub- t rop ica l je t s t ream leads to ho t , 
dus ty , windy c o n d i t i o n s , w i t h much thunderstorm a c t i v i t y from the 
south . 
3 .2 .5 The S i t e Survey. 
The s i t e has been accura te ly surveyed using a theodolyte and 
cha ins . The p o s i t i o n and dis tance of each detector was measured 
from a s i n g l e datum p o i n t , and the p o s i t i o n a l measurements 
converted to absolute values by a measurement on P o l a r i s w i th 
r e fe rence to an ephemeris. The estimated accuracy of p o s i t i o n and 
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Figure 3.3 Annual Cloud Cover Variations at Four Sites. 
accepted coordinates being shown inset on Figure 3.1 (these are 
given i n metres using a r i g h t handed Cartesian coordinate system, 
wi th the x and y axes p o i n t i n g east and nor th r e s p e c t i v e l y and the 
z axis v e r t i c a l l y upwards). 
3.3 Mechanical Design of the Detectors . 
The mechanical design of the detector was developed by Durham 
U n i v e r s i t y s t a f f dur ing 1980. 
3 .3 .1 The A l t - a z i m u t h P l a t f o r m . 
An a l t - a z i m u t h p l a t f o r m was chosen i n preference to an 
e q u a t o r i a l one since i t o f f e r e d fewer engineering problems, and 
would be less expensive to cons t ruc t despi te the requirement to be 
d r iven on two axes. The weight of the telescope i s taken by a large 
c e n t r a l t h r u s t bearing aided by four smaller ones ac t ing at the 
perimeter of the 30" diameter p l a t f o r m . The s t ee r ing movement i s 
provided by two compu te r - con t ro l l ed , 24 V d .c . motors, d r i v i n g the 
azimuth and zen i th movement through gears. To p ro tec t the bearings 
and motors from damage by gus t ing winds when the detector i s not i n 
use, i t i s steered to a "parked" p o s i t i o n , and brass pegs inser ted 
to lock i t f i r m l y i n place . 
A l l s t e e r ing i s done under the con t ro l of four Mostek F8 
microprocessors , one f o r each de tec to r , using incremental 
shaf t -encoders to sense motion ( to ± 0 . 1 ° ) i n each plane. This 
device i s i n i t i a l l i s e d wi th the coordinates of the "parked" 
p o s i t i o n , es tab l i shed by survey, and i t then ca l cu la t e s the number 
of b i t s to be incremented at each shaft-encoder to a r r i v e at each 
des i red new p o s i t i o n as s p e c i f i e d by the superv is ing TEK 4051. As 
31 
the t a r g e t i s approached, the speed of s lewing i s p rogress ive ly 
reduced, under F8 microprocessor c o n t r o l , to achieve a smooth s top, 
in order to prevent the motors and gear-boxes from being 
unnecessar i ly s t r a i n e d . 
3 .3 .2 Covering and Wate rp roo f ing . 
The equipment i s we l1-pro tec ted against weather-damage. So 
tha t i t may remain i n situ permanently a l l the ex terna l e l e c t r o n i c s 
are sealed i n wa te rp roof , t e m p e r a t u r e - c o n t r o l l e d boxes. 
In a d d i t i o n , at the end of each n i g h t ' s observing, the 
f o l l o w i n g r o u t i n e i s executed: -
1. The de tec to rs are steered to the parked p o s i t i o n and 
pegged to prevent any motion i n wind. 
2. The PMTs are removed to .a coo le r , a i r - c o n d i t i o n e d 
environment to prevent poss ib le evaporat ion of the photo-cathode by 
high Summertime daytime temperatures . 
3. The m i r r o r s are covered as p r o t e c t i o n against both r a i n 
and dus t . 
In the event of a l o c a l thunders torm, a l l connections between 
the r eco rd ing system and the de tec tors are severed at both ends. 
At the end of an observa t ion p e r i o d , when the equipment may 
be unattended f o r up to several months, ex t ra precautions are taken 
to ensure the p r o t e c t i o n and s e c u r i t y of the system. The system can 
be placed in or removed from p rese rva t ion in less . than 24 hours. 
3.4 Opt ica l C h a r a c t e r i s t i c s . 
For reasons to be discussed i n the f o l l o w i n g s ec t i on , i t was 
decided to employ a Cassegrain o p t i c a l system. Parabolic mi r rors of 
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1.5 m diameter and 65 cm f o c a l length wi th rhodium pla ted surfaces 
were used as the p r i m a r i e s , wh i l e the secondaries had 25 cm 
diameter and 20 cm f o c a l l e n g t h . The p r i m a r i e s , ex - sea rch l igh t 
m i r r o r s which were a v a i l a b l e at no cos t , were more or less su i t ed 
to the purpose of the experiment apart from t h e i r ra ther short 
f o c a l l e n g t h , g i v i n g considerable l i g h t losses from the outer 
regions of the mi r ro r s and a wide f i e l d of view. The secondaries 
were manufactured i n the Physics Department workshops at Durham 
U n i v e r s i t y from aluminium p la te by c u t t i n g and p o l i s h i n g . 
3 .4 .1 The Cassegrain System. 
There were several reasons f o r choosing a Cassegrain system 
as opposed to a prime focus system bearing in mind the equipment 
a v a i l a b l e . 
F i r s t l y , w i th a prime focus system the angle of incidence at 
the PMT would have been as large as 83° f o r l i g h t from the edge of 
the m i r r o r , r e s u l t i n g i n much l i g h t being l o s t . With the Cassegrain 
system t h i s i s reduced to about 3 3 ° . 
Secondly, the f i e l d of view of a prime focus system would 
have been too big (about 11°) i f the whole face of the a v a i l a b l e 
PMT (13 cm) had been used, ft smaller f i e l d of view could have been 
obtained by masking down the cathodes, but t h i s may have led to 
problems since the s e n s i t i v i t y va r i e s across the face of the PMT, 
and the propogation t ime may also vary . The Cassegrain system uses 
the whole PMT face but w i th only a 2° f i e l d of view, by using a 
defocussed image as i l l u s t r a t e d in Figure 3 .4 . 
The main disadvantage of a Cassegrain system as opposed to a 























r e s u l t i n g i n greater l i g h t loss . In the Dugway system the o v e r a l l 
r e f l e c t i v i t y i s estimated to be about 407., w i th a loss of about 357. 
occurring at the rhodium p la ted primary r e f l e c t o r , and a s i m i l a r 
r educ t ion at the aluminium secondary. 
3 .4 .2 The Opt ica l System. 
The main fea tu res of the o p t i c a l system are i l l u s t r a t e d i n 
Fi gure 3 . 4 . . 
A c i r c u l a r aper ture of 5 cm diameter i s placed at the 
Cassegrain focus , d e f i n i n g a phys ica l f i e l d of view of 
approximate ly 2 ° . About 6 cm behind t h i s aperture i s placed the 
PMT. A c y l i n d r i c a l b a f f l e around the secondary pro tec t s the PMT 
from d i r e c t i l l u m i n a t i o n by the n ight sky. The obscurat ion 
presented by the secondary and b a f f l e i s approximately 47.. 
3 .4 .3 The Geometrical Aperture Funct ion . 
The geometr ical aperture f u n c t i o n f o r each detector was 
determined by a r a s t e r scan of 5° diameter about a second magnitude 
s ta r ( P o l a r i s ) . At each 0 . 5 ° step the anode current of each PMT was 
recorded. The r e s u l t s (Gibson et a i , 1982a) are i n accordance wi th 
the c a l c u l a t e d aper ture f u n c t i o n , w i th a FWHM of 1 .7° . 
3.5 The Ligh t Detector (PMT). 
The PMT used was the RCA 4522, a f a s t , 12 cm, 1inear-focussed 
tube. These tubes had been employed i n , and were a v a i l a b l e f r o m , 
previous experiments, and had been tes ted thoroughly f o r 
s u i t a b i l i t y (Stubbs, i n t e r n a l r e p o r t ) . 
As noted in sec t ion 3 . 4 . 1 , the o p t i c a l system chosen uses the 
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whole face of the PMT. This i s important due to the n o n -u n i fo rmi ty 
of the response of the tube across i t s face iibid.). A 2" tube 
could have been used, placed at the Cassegrain focus , but t h i s 
would have led to problems when b r i g h t s t a r s appear in the f i e l d of 
view. The image of the s ta r would be focussed onto the 
photocathode, r e s u l t i n g i n an i n t e n s e l y i l l u m i n a t e d reg ion . This 
would have the e f f e c t of d i s t o r t i n g the e l e c t r o n - o p t i c s , poss ib ly 
a f f e c t i n g the gain and speed of the PMT; by defocussing the image 
wi th a l a rge r tube these problems are reduced. 
5 .5 .1 Operat ing Cond i t i ons . 
An important requirement , to be discussed in the next 
s e c t i o n , . i s tha t the PMT be capable of a f a s t response to the 
Cerenkov s i g n a l . Consequently, the vol tage appl ied across each 
stage i s h i g h . I f a l l stages were used under these c o n d i t i o n s , 
however, the o v e r a l l gain would be too g rea t , so only 11 dynodes 
are employed. The t y p i c a l EHT appl ied between the cathode and 
eleventh dynode i s 1800 V, g i v i n g a gain of approximately 50000. 
Under these c o n d i t i o n s the sky induces a cur ren t of around 5 pA. 
I n d i v i d u a l PMT EHT s e t t i n g s are chosen to give rates of 
about 10 kHz, at a d i s c r i m i n a t i o n l e v e l corresponding to an 
est imated photon th re sho ld of 50-100 photons m - 2 . 
S e r v o - c o n t r o l l e d green l . e . d . s are used to s t a b i l i s e the 
anode cur ren t i n order to mainta in the PMT at constant gain; the 
time constant f o r the servo loop i s about 10 s. T y p i c a l l y , the 
a d d i t i o n of 507. of green l i g h t to a dark sky anode current i s 
s u f f i c i e n t to mainta in a steady anode current dur ing the t r a n s i t of 
a second magnitude s tar through the f i e l d of view. The measurement 
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of the anode cur ren t and a d d i t i o n of the desired p ropor t ion of 
green l i g h t i s c a r r i e d out by the TEK 4051, a f t e r which 741 
ope ra t iona l a m p l i f i e r s mainta in the l i g h t l e v e l . 
The PMT i s i s o l a t e d from the e f f e c t s of the Ear th ' s magnetic 
f i e l d by a c y l i n d r i c a l fi-metal s h i e l d maintained at the cathode 
p o t e n t i a l to avoid d i s t o r t i o n of the e l e c t r o n - o p t i c s . 
3 .5 .2 The Speed of Response. 
A high speed of response i s requ i red from the PMT in order to 
achieve a good S/N r a t i o and e f f e c t i v e de tec t ion of Cerenkov l i g h t 
f l a shes by a voltage-dependent d i s c r i m i n a t o r system. The longer the 
tube takes to respond to the f l a s h of Cerenkov l i g h t , the more 
d i s t r i b u t e d i n t ime the s igna l w i l l become. This f l a s h l a s t s f o r 
only a few. ns and the PMT response time must be of t h i s order . 
Under the cur ren t ope ra t ing c o n d i t i o n s the pulse r i s e time i s 2-3 
ns, and the FWHM about 5 ns. 
3 .5 .3 Alignment i n Time of the Response of the PMTs. 
For a de tec tor t o r e g i s t e r a t h r e e f o l d coincidence the 
s igna l s must a r r i v e s imul taneously at the f a s t coincidence u n i t . 
Although care had been taken to ensure tha t equal lengths of cable 
were used f o r each s igna l pa th , small d i f f e r e n c e s were expected. In 
order to achieve t h i s accurate alignment of the s ignals at the 
coincidence u n i t the f o l l o w i n g procedure was adopted. 
A source i n the form of an l . e . d . was pos i t ioned about 200 m 
from the a r r ay . This was d r iven by an avalanche pulse generator , 
capable of producing very short pulses, of the order of 10 ns 
d u r a t i o n . Each detec tor was pointed at the source, and the PMT 
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s igna l s observed on an o s c i l l o s c o p e . One was used as the t r i g g e r , 
and the other two were a l igned i n t ime wi th respect to t h i s by 
i n s e r t i n g d i f f e r e n t delays i n t o each s ignal pa th . F ina l checks were 
made by a r b i t r a r i l y p l ac ing small a d d i t i o n a l delays i n each channel 
and observing the maximum coincidence r a t e when de tec t ing cosmic 
rays . 
3.6 System C o n t r o l . 
The TEK 4051 c o n t r o l s the s t ee r ing of the array and logging 
of data by means of a system of seven Mostek F8 microprocessors, 
communicating wi th them v ia the IEEE i n t e r f a c e . The c o n f i g u r a t i o n 
of t h i s i s i l l u s t r a t e d in Figure 3 .5 . 
3 .6 .1 The Microprocessor U n i t s . 
Each de tec tor has a dedicated microprocessor u n i t (MPU) 
assigned to i t , to sense i t s p o i n t i n g d i r e c t i o n and c o n t r o l i t s 
s t ee r ing (MRUs 1 to 4 ) . The a c t i o n of these was discussed i n 
sec t ion 3 . 3 . 1 . . 
MPU 5 i s the D i g i t a l - t o - A n a l o g u e Converter (DAC) c o n t r o l l e r . 
This provides the computer i n t e r f a c e f o r 16 channels of DAC, of 
which 12 are used to set the reference vol tages f o r the servo 
1.e.d. systems. 
MPU 6 c o n t r o l s the p r i n t e r , which i s used to d i sp lay the 
housekeeping i n f o r m a t i o n ; t h i s i s a summary of the general 
performance of the a r r ay , the d e t a i l s of which w i l l be discussed 
l a t e r i n sec t ion 3.10. The i n f o r m a t i o n . i s updated by the TEK 4051 
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Figure 3.5 System Control Configuration. 
MPU 7 supervises the logging of data, e x t r a c t i n g the r e l evan t 
i n f o r m a t i o n from an 11 b i t data bus, which services the sca l e r s , 
ADCs and the microsecond c l o c k , and compi l ing the data record to be 
sent t o the 9 - t rack tape recorder each time the system i s 
t r i g g e r e d . The i n f o r m a t i o n recorded i s summarized in sec t ion 3 .6 .2 . 
Data i s recorded i n two modes. In the normal mode, when MPU 7 
rece ives the s igna l from the master t r i g g e r tha t a s igna l has been 
de tec ted , the data record i s compiled and recorded immediately; i n 
t h i s mode the tape recorder i s permanently wa i t i ng to record 
eve ry th ing tha t appears on the IEEE bus. 
The second mode i s when the TEK 4051 i s busy s t ee r ing the 
a r r ay . When MPU 7 decides tha t a steer i s due the f o l l o w i n g 
procedure i s executed: 
1. MPU 7 switches the tape deck o f f and s igna ls the TEK 4051 
to commence s t e e r i n g . 
2. I f the array i s t r i g g e r e d dur ing t h i s mode, MPU 7 
i n t e r r u p t s the TEK 4051 and passes the compiled data record to i t 
f o r s torage u n t i l s t e e r ing i s complete. 
3. When the TEK 4051 has f i n i s h e d s t ee r ing i t switches the 
tape deck on, t r ansmi t s to i t the i n f o r m a t i o n i t has s to red , and 
then switches i t o f f again. 
4. The TEK 4051 then s igna ls MPU 7 to resume c o n t r o l , and 
t h i s r e v e r t s to normal mode and switches the tape deck on once 
mor e. 
3 .6 .2 I n fo r mat ion Recorded f o r Each Detect ion of the Cerenkov 
S i g n a l . 
Whenever the array i s t r i g g e r e d the f o l l o w i n g data are 
recorded on magnetic t ape : -
1. the r e l a t i v e t ime of the occurrence of the pulse which 
t r i g g e r e d the a r r ay , wi th a r e s o l u t i o n of 1 ps, 
2. the r e l a t i v e a r r i v a l time of s igna l s from other detectors 
occurring w i t h i n a s p e c i f i e d gate t ime , wi th a r e s o l u t i o n of about 1 
ns, 
3. the charge in the pulses from a l l 12 PMTs, i n the range 
0-250 pC, w i th a r e s o l u t i o n of 1 pC per b i t , 
4. the anode cur ren ts of a l l PMTs. 
3.7 The Logging E l e c t r o n i c s . 
A f l o w diagram (Figure 3.6) i s provided to i l l u s t r a t e the 
c o n f i g u r a t i o n of the record ing e l e c t r o n i c s . 
3 . 7 . 1 Se lec t ion Logic . 
For each de t ec to r , the three PMT s igna ls are a m p l i f i e d and 
passed through high l e v e l d i s c r i m i n a t o r s to a f a s t (7 ns) t h r e e f o l d 
coincidence u n i t (AND g a t e d ) ) . This determines whether or not a 
genuine Cerenkov l i g h t f l a s h has been detec ted . The output from 
t h i s i s passed to a t r i p l e f a n - o u t , from where one s ignal path 
leads to an OR gate , which i s common to the array wi th an input f o r 
each detec tor (a ,b ,c and d i n Figure 3 . 6 ) . The output from t h i s 
provides the master t r i g g e r , i n fo rming MPU 7 tha t a s ignal has been 
de tec ted . 
. 3 . 7 . 2 Charge-to-Time Converters . 
A f t e r the a m p l i f i c a t i o n stage, the s ignal from each PMT i s 
also passed, using f a n - o u t s , to a charge- to- t ime converter (QTC), 
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which c a l c u l a t e s the ampli tude of the pulse . This i n f o r m a t i o n i s 
s tored i n 1 1 - b i t sca lers u n t i l i t i s read out by the computer. 
The gates to a l l the QTCs w i t h i n a detector are.opened.by the 
s igna l l e av ing AND g a t e d ) . The delays i n the s ignal paths -from the 
a m p l i f i e r s are to give t h i s ga t ing s ignal time to a r r i v e . 
3 .7 .3 Time- to-Ampl i tude Converters . 
The w i t h i n - f i e l d - o f - v i e w f a s t t i m i n g aspect of the 
exper iment , discussed i n d e t a i l i n sec t ion 3 .12 .5 , r e l i e s on 
o b t a i n i n g the r e l a t i v e a r r i v a l times of the Cerenkov f l a s h at each 
d e t e c t o r , w i t h a r e s o l u t i o n of about 1 ns. In order to achieve t h i s 
a t i m e - t o - a m p l i t u d e converter (TAC) i s used f o r each de tec tor , 
coupled to a f a s t a n a l o g u e - t o - d i g i t a l converter (ADC). 
A l l the TACs are s t a r t e d s imultaneously by the s ignal leaving 
the OR gate (e i n Figure 3 . 6 ) . The stop pulse f o r each i n d i v i d u a l 
TAC i s p rovided by tha t d e t e c t o r ' s low l eve l d i s c r i m i n a t i o n channel 
as f o l l o w s . 
A f t e r a m p l i f i c a t i o n , the s igna l s from the three PMTs are 
added toge ther by a mixer , to improve the S/N r a t i o , and passed 
through a low l e v e l d i s c r i m i n a t o r to AND ga t e (2 ) . The other input 
to t h i s gate comes from the output from AND g a t e d ) . I t i s the 
output f rom t h i s second AND gate which stops the TAC. Thus the TACs 
are stopped i n the order i n which the detectors respond to the 
Cerenkov pulse . I f a detector f a i l s to do so i t s TAC i s not stopped 
and i s a u t o m a t i c a l l y r e se t . The TAC values can then be used to 
c a l c u l a t e the r e l a t i v e a r r i v a l times of the f l a s h at each de tec tor . 
The j i t t e r on the s t a r t pulse i s qu i te large due to the level of 
d i s c r i m i n a t i o n used, which i s near the top of the s ignal pulse . 
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This i s why the output -from a low l e v e l d i s c r i m i n a t i o n channel , 
w i t h much reduced j i t t e r , i s used to stop the TACs. The e f f e c t of 
j i t t e r on the s t a r t pulse i s e l imina t ed since a l l TftCs are s t a r t e d 
s i mul taneously . 
3 .7 .4 The Microsecond Clock. 
This provides the time of de tec t ion of the Cerenkov s ignal 
and i s based on a 1 Mfte oven c r y s t a l and 1 2 - b i t 30 MHz sca le r s ; 
t imekeeping i s discussed i n d e t a i l i n sec t ion 3.9 . 
3 .7 .5 Housekeeping I n f o r m a t i o n . 
The housekeeping i n f o r m a t i o n , which i s discussed i n greater 
d e t a i l i n sec t ion 3.10 i s recorded once every minute. Slow 
a n a l o g u e - t o - d i g i t a l conver ters (ADC) are used to t r a n s l a t e the 
s i g n a l s f rom temperature and pressure sensors and the PMT anode 
c u r r e n t s i n t o a form s u i t a b l e f o r r e c o r d i n g . In a d d i t i o n , the 
i n d i v i d u a l PMT count r a t e s , t w o f o l d coincidence rates and t h r e e f o l d 
acc iden t a l channels are recorded by 11 -b i t scaler u n i t s . 
3.8 C a l i b r a t i o n Routines. 
3 .S.1 The Time-to-AmpIi tude Converters . 
C a l i b r a t i o n of the TAC u n i t s was c a r r i e d out using the 
arrangement depicted in Figure 3 .7 . Each TAC was s t a r t ed and 
stopped by the same pulse by using a dual f an-ou t and a length of 
cable p r o v i d i n g a known delay. D i f f e r e n t lengths of cable were 
used, and the TAC read ing , i n b i t s , noted f o r each one. Thus i t was 
pos s ib l e to obta in a conversion from TAC reading to rea l t ime . The 
r e s u l t s , which are p l o t t e d i n Figure 3.8 (M. Walmsley, p r i v a t e 
41 






A D C 
11-Bit 
Data Bus 
F igure 3.7 Exper imenta l Arrangement for TAC Cal ibra t ion . 
200 
CO 
4 2 1 
100 
ERRORS 20 
TAC Reading ±1 bit 
Time Delay ± 1 ns 
i i 
1000 500 100 
Time Delay (ns) 
Figure 3.8 Results of Ca l ib ra t ion of the Four T A C Un i ts . 
c o m m u n i cat i on) , i n d i c a t e good l i n e a r responses •from a l l u n i t s . 
•3.8.2 The Charge-to-Ti me Converters . 
These were c a l i b r a t e d f o r each detector by sending a pulse 
s imul taneously to each of i t s three QTC u n i t s ( l e f t ( L ) , centre 
(C), and r i g h t (R)) v i a a t r i p l e f a n - o u t . The number of b i t s 
r e g i s t e r e d by each was noted, the procedure being c a r r i e d out using 
pulses of three d i f f e r e n t ampl i tudes . P lo t t ed i n Figure 3.9 are the 
r a t i o s L/C and R/C f o r each de tec to r ; these are s t r a i g h t l i n e 
graphs as would be expected f o r a c o r r e c t l y opera t ing system. 
3.9 Timekeeping. 
Timekeeping i s based on a l o c a l , o v e n - s t a b i l i s e d , 1 MHz 
c r y s t a l o s c i l l a t o r . The pulses produced by t h i s are counted by a 
scaler u n i t . 
3 .9 .1 Use of 60 KHz Q f f - A i r S i g n a l . 
The t i m i n g s igna l provided by the oven c r y s t a l i s checked 
r e g u l a r l y against a 1 MHz standard der ived from an o f f - a i r , 60 KHz 
rad io frequency s tandard, by measuring the frequency d i f f e r e n c e on 
an o s c i l l o s c o p e . Thus i t i s poss ib le to maintain r e l a t i v e time to 
an accuracy of about 1 (is. 
3.9 .2 Absolute Timing Measurements. 
The d r i f t r a t e of the c r y s t a l c lock i s about 30 ms d a y - 1 , and 
the regu la r measurements of t h i s ( sec t ion 3 .9 .1) a l low absolute 
time to be maintained to an accuracy of about 1 ms using the 
o f f - a i r WWVB t iming s i g n a l . 
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F igure 3.9 Q T C Calibration Resul ts . 
The clock can run f o r more than 10 days before a reset i s 
necessary which r e s u l t s i n high r e l a t i v e t i m i n g accuracy. I f the 
d r i f t r a t e was high O100 ms d a y - 1 ) or the measurement of i t too 
imprec i se , i t would be necessary to reset the clock d a i l y to 
mainta in absolute t ime to s u f f i c i e n t accuracy, to the detriment Df 
r e l a t i v e t i m i n g accuracy. 
The WWVB s i g n a l cons i s t s of a 1 s t i c k f o r the f i r s t 50 s of 
each minu te , f o l l o w e d by s i l ence u n t i l a tone sounds at exac t ly 0 
s. The procedure f o r r e s e t t i n g the clock i s to wait f o r the pause 
i n the t i c k s and then i n i t i a l i s e the c l o c k ; the clock does not 
s t a r t immedia te ly , but i s t r i g g e r e d by the r i s i n g edge of the 0 s 
tone , g i v i n g a s t a r t t ime which i s accurate to be t te r than 0.5 ms. 
5.10 Housekeeping Routines. 
The housekeeping rou t ines provide important i n fo rma t ion on 
the general ope ra t ing c o n d i t i o n s and s t a b i l i t y of the equipment. 
This i n f o r m a t i o n i s used both dur ing an observat ion run , where 
r egu la r updates provide c o n f i r m a t i o n tha t a l l i s w e l l , and in 
c o n j u n c t i o n w i t h the data ana lys i s to e l i m i n a t e system mal func t ion 
as a pos s ib l e source of any observed e f f e c t . 
The i n f o r m a t i o n recorded cons i s t s of the temperature, anode 
cur ren t and count r a t e of each PMT, atmospheric pressure, the 
number of coincidences between any two f l u x c o l l e c t o r s i n each 
te lescope , the acc iden ta l t h r e e f o l d ra te and the in fo rma t ion 
recorded by the mains frequency moni tor . 
During an observa t ion run t h i s i n f o r m a t i o n i s produced on a 
p r i n t e r at r egu la r i n t e r v a l s ; the spacing of these i n t e r v a l s can be 
va r i ed by the observers , but u sua l ly the p r i n t - o u t s are obtained 
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every t ime the telescope p o i n t i n g d i r e c t i o n s are ad jus ted 
( t y p i c a l l y every two minu tes ) . 
3 .10 .1 Temperature. 
The e f f e c t of temperature v a r i a t i o n s on the performance of 
the RCA 4522 PMT has been i n v e s t i g a t e d . Measurements were c a r r i e d 
out on 13 PMTs opera t ing i n ambient temperatures over the range 
5-35 °C, using a constant i n t e n s i t y l i g h t source. The t r a n s i t times 
and EHT values were measured as f u n c t i o n s of output pulse height at 
each temperature . I t was found tha t w i t h i n experimental e r ro r the 
PMTs were very s tab le over t h i s temperature range. 
3 .10.2 Anode Curren ts . 
The a .g .c . system ensures tha t under normal opera t ing 
c o n d i t i o n s the anode cur ren t s are constant throughout the 
obse rva t i on . However, d i s t a n t l i g h t n i n g can sometimes be detec ted , 
r e s u l t i n g i n burs ts of bogus 1 i g h t . pul ses. When t h i s happens the 
f l a shes are too r ap id f o r the a .g .c . to respond, causing wide 
v a r i a t i o n s i n anode c u r r e n t s ; t h i s f a c t can be used to c l e a r l y 
i d e n t i f y such burs t s i n the data , and e l im ina t e them from the 
a n a l y s i s . 
3.10.3 I n d i v i d u a l PMT Count Rates. 
These are monitored to ensure tha t the PMTs are performing 
c o r r e c t l y . I n d i v i d u a l PMT count ra tes are .se t as high as poss ib le 
f o r maximum s e n s i t i v i t y , wi thou t being so high as to r e s u l t i n 
acc iden ta l t r i g g e r s of the system; t y p i c a l l y each PMT counts at a. 
r a te of about 10 kHz. 
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3.10.4 Atmospheric F'ressure. 
The atmospheric pressure data has not yet been used in data 
a n a l y s i s ; i t i s recorded f o r completeness, and -for poss ible -future 
r e f e r e n c e . 
3.10.5 Twofold M i r r o r Coincidences. 
This i n f o r m a t i o n i s recorded to provide a l i n k between the 
present experiment , using t h r e e f o l d coincidences , and e a r l i e r 
experiments which f r e q u e n t l y used t w o f o l d coincidences. 
3 .10.6 Accidenta l Threefo ld Rate. 
In a d d i t i o n to the standard recording of t h r e e f o l d mi r ro r 
co inc idences , the PMT s igna l s from one detector are used to provide 
a measure of the t h r e e f o l d acc identa l r a t e . This i s achieved by 
passing .the s igna l s to an ex t ra t h r e e f o l d coincidence u n i t , but 
w i t h a delay of 140 ns i n one of the s igna l paths; t h i s delay i s 
long enough to ensure tha t any coincidences recorded by t h i s u n i t 
are not genuine. In p r a c t i s e the observed acc identa l r a te i s less 
than event h o u r - 1 , which i s s u f i c i e n t l y small to be ignored. 
•3.11 A Typica l Data Record. 
Presented in Figure 3.10 i s a f a c s i m i l e of a t y p i c a l sec t ion 
of da ta . Several d i f f e r e n t types of data record are shown, 
i n c l u d i n g s igna l records , housekeeping records , and blocking 
i n f o r m a t i o n . 
3 .11 .1 Format of the Signal Record. 
The f i r s t two i n t e g e r s , n t and n 2 , are not data recorded 
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dur ing observa t ions , but are added l a t e r as an a id to data 
a n a l y s i s . Their use w i l l be discussed in Chapter 6. 
The twelve d i g i t number, n 3 , i s the r e l a t i v e time of a r r i v a l , 
i n microseconds, of the Cerenkov pulse at. the f i r s t de tec to r . The 
charac te r , c, which can take values of e i t h e r ' A ' or 'S ' i nd ica te s 
which data ga ther ing mode the system was i n when the i n f o r m a t i o n 
was recorded; 'S ' represents normal mode, wh i l e ' A ' i nd i ca t e s that 
the TEK 4051 was s t e e r i n g the ar ray ( sec t ion 3 , 6 . 1 ) . 
The next f ou r groups of numbers are the TAC and QT readings 
f o r each de tec to r ; w i t h i n each group the order i s TAC, QT L, QTC, 
QTR. F i n a l l y , the anode cu r r en t s of a l l twelve PHTs are recorded. 
5.11.2 Housekeeping I n f o r m a t i o n . 
With re ference to Figure 3 .10, l i n e s 24559 to 24567 contain a 
t y p i c a l housekeeping record p r o v i d i n g the f o l l o w i n g i n f o r m a t i o n : 
Line 24559: The t a r g e t coordina tes i n degrees (zen i th and 
azimuth) f o r each of the fou r d e t e c t o r s . 
Line 24560: The us t ime at which the housekeeping 
i n f o r m a t i o n i s d e l i v e r e d . 
Line 24561: The PMT anode c u r r e n t s . 
Line 24562: The PMT temperature i n f o r m a t i o n (not a l l the 
temperature sensors were f u n c t i o n i n g at the time these data were 
recorded) . 
Line 24564: The t o t a l number of counts recorded by each of 
the 12 PMTs since the previous housekeeping r eco rd . 
Line 24567: A breakdown of array responses i n t o the f i f t e e n 
poss ib le ca tegor ies ; d e t a i l s of t h i s are contained, i n sec t ion 
6 . 2 . 1 . 
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3.12 Modes o f O p e r a t i o n . 
T h e r e a r e t w o modes o f o p e r a t i o n w h i c h h a v e f o u n d f r e q u e n t 
a p p l i c a t i o n , t h e s e b e i n g t h e d r i f t s c a n (DS) mode and t h e t r a c k i n g 
(TR) mode. O t h e r p o s s i b i l i t i e s e x i s t f o r t h e o p e r a t i o n o f t h e 
f l e x i b l e s y s t e m a n d h a v e b e e n o c c a s i o n a l l y u s e d . 
3 . 1 2 . 1 The D r i f t S c a n Mode. 
I n t h e DS mode, a l l d e t e c t o r s a r e p o i n t e d i n t h e same 
d i r e c t i o n a n d t h e s o u r c e a l l o w e d t o d r i f t t h r o u g h t h e f i e l d o f 
v i e w . The a d v a n t a g e o f t h i s mode i s t h a t f o r t h e d u r a t i o n o f t h e 
s c a n t h e r e i s a c o n s t a n t b a c k g r o u n d a g a i n s t w h i c h a n y e x c e s s f r o m 
t h e s o u r c e c a n be r e f e r e n c e d . The d i s a d v a n t a g e i s t h a t f o r much o f 
t h e o b s e r v a t i o n t i m e t h e s o u r c e i s o u t o f t h e f i e l d o f v i e w . T h i s 
i s t h u s an i n e f f i c i e n t b u t r e l i a b l e t e c h n i q u e . 
3 . 1 2 . 2 The T r a c k i n g Mode. 
I n t h e TR mode t h e d e t e c t o r s a r e s t e e r e d a s o f t e n a s o n c e a 
m i n u t e t o k e e p t h e s o u r c e n e a r t h e c e n t r e o f t h e f i e l d o f v i e w a t 
a l l t i m e s . F o r s t u d i e s o f p u l s a r s , w h e r e t h e p r i m e i n d i c a t o r o f 
a c t i v i t y i s a p e r i o d i c i t y i n t h e s i g n a l s , t h i s i s i d e a l . H o w e v e r , 
t h e r e i s t h e d r a w b a c k t h a t t h e r e i s no o f f - s o u r c e d a t a t o u s e as a 
r e f e r e n c e , a n d so o n l y r a t h e r l a r g e v a r i a t i o n s ( > M07.) i n t h e 
s i g n a l i n t e n s i t y c a n be d e t e c t e d . F o r e x a m p l e , t h e r e c a n be 
c o m p l i c a t i o n s i n a l l o w i n g a c c u r a t e l y f o r t h e u p w a r d o r d o w n w a r d 
t r e n d i n c o u n t r a t e d u e t o s y s t e m a t i c a l l y c h a n g i n g z e n i t h a n g l e . 
D u r i n g t h e c o u r s e o f t h e e x p e r i m e n t t r a c k i n g h a s assumed 
p r e c e d e n c e o v e r d r i f t s c a n n i n g , s i n c e t h e m a j o r i t y o f t h e s o u r c e s 
s t u d i e d h a v e b e e n p u l s a r c a n d i d a t e s . A f u r t h e r a d v a n t a g e o f t h e TR 
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mode w h i c h h a s come t o l i g h t s i n c e t h e e x p e r i m e n t b e g a n , i s t h a t 
some s o u r c e s e x h i b i t v a r i a b i l i t y on a t i m e s c a l e o f m i n u t e s i n 
t h e i r e m i s s i o n . F o r e x a m p l e , t h e C r a b P u l s a r h a s b e e n -found t o e m i t 
s h o r t b u r s t s o f VHE gamma r a y r a d i a t i o n a t a p p a r e n t l y r a n d o m 
i n t e r v a l s . W i t h t h e DS t e c h n i q u e t h e r e i s a s t r o n g p o s s i b i l i t y t h a t 
t h e s e w o u l d o c c u r d u r i n g an o f f - s o u r c e p e r i o d a n d be p a r t i a l l y o r 
w h o l l y m i s s e d . 
-5.12.5 The S u r v e y . 
A n o t h e r p o s s i b i l i t y i s t h a t o f 
s p a c e , s u c h a s t h e e n t i r e C y g n u s r e g i o n , 
l o n g , o v e r l a p p i n g d r i f t - s c a n s . A s t e p 
t h i s d i r e c t i o n w i t h a s i n g l e 3 h o u r s c a n 
t h r o u g h C y g n u s . 
5 . 1 2 . 4 M u l t i p l e S o u r c e O b s e r v a t i o n s . 
I t i s p o s s i b l e t o o b s e r v e t w o s o u r c e s s i m u l t a n e o u s l y b y 
o p e r a t i n g t h e s y s t e m a s t w o s e p a r a t e . p a i r s o f d e t e c t o r s . T h i s 
t e c h n i q u e h a s p o t e n t i a l when f o r e x a m p l e o b s e r v i n g s p e c u l a t i v e 
s o u r c e s a t t h e same t i m e a s m o n i t o r i n g s p o r a d i c e m i t t e r s . 
3 . 1 2 . 5 F a s t I n t e r - D e t e c t o r T i m i n g . 
When a C e r e n k o v l i g h t f l a s h t r i g g e r s t w o o r more d e t e c t o r s , 
t h e r e l a t i v e t i m e o f a r r i v a l o f t h e p u l s e a t e a c h c a n be u s e d t o 
c a l c u l a t e t h e d i r e c t i o n o f t h e s o u r c e . The a n g u l a r r e s o l u t i o n o f 
t h i s t e c h n i q u e d e p e n d s on a n u m b e r o f f a c t o r s . 
F i r s t l y t h e r e i s u n c e r t a i n t y i n t h e m e a s u r e m e n t o f t h e 
a r r i v a l t i m e o f t h e p u l s e d u e t o t h e p r e s e n c e o f r a n d o m s k y n o i s e ; 
s u r v e y i n g a l a r g e a r e a o f 
by means o f a s e r i e s o f 
h a s r e c e n t l y b e e n t a k e n i n 
a c r o s s t h e g a l a c t i c p l a n e 
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c l e a r l y , t h e h i g h e r t h e S/N r a t i o i s , t h e m o r e a c c u r a t e l y t h i s t i m e 
c a n b e m e a s u r e d . E l e c t r o n i c t i m e s l e w i n g a l s o i n c r e a s e s t h e e r r o r 
i n m e a s u r e m e n t , b u t t h e u s e o f d u a l - l e v e l p u l s e - g a t e d 
d i s c r i m i n a t i o n h a s much r e d u c e d i t s e f f e c t . 
S e c o n d l y , t h e C e r e n f c o v l i g h t o r i g i n a t e s f r o m an e x t e n d e d 
s o u r c e , a b o u t 1° a c r o s s , a n d t h i s r e s u l t s i n a l a r g e s h o w e r i m a g e 
i n t h e f o c a l p l a n e . T h i s i s e x a c e r b a t e d b y a b e r r a t i o n s o f t h e 
o p t i c a l s y s t e m a n d l e a d s t o j i t t e r o f t h e t r a n s i t t i m e a c r o s s t h e 
PUT, a n d h e n c e t i m i n g e r r o r s . 
T h i r d l y , t h e r e a r e e r r o r s i n d e t e r m i n i n g t h e d i r e c t i o n o f t h e 
p r i n c i p a l a x i s o f t h e s h o w e r o w i n g t o t h e u n c e r t a i n t y i n l o c a t i n g 
t h e a x i s i m p a c t p o i n t ; t h e r e l a t i v e t i m i n g m e a s u r e m e n t s m e r e l y 
y i e l d a d i r e c t i o n n o r m a l t o t h e c h o r d o f t h e s h o w e r f r o n t c u t by 
t h e a r r a y , w h i c h i s n o t n e c e s s a r i l y t h e m o s t l i k e l y d i r e c t i o n f o r 
t h e o r i g i n o f t h e gamma r a y . T h i s e r r o r a m o u n t s t o a p p r o x i m a t e l y 
0.5 m i n u t e s o f a r c m~ l. 
5.1 3 T he C h o i c e o f A r r a y S p a c i n g . 
T h e s p a c i n g o f t h e a r r a y was c h o s e n a s a c o m p r o m i s e , t h e r e 
b e i n g t w o c o n f l i c t i n g r e q u i r e m e n t s . F rom t h e p o i n t o f v i e w o f 
a c h i e v i n g h i g h c o u n t r a t e s f o r s t a t i s t i c a l r e a s o n s , w h e t h e r i n DS 
o r TR mode, t h e d e t e c t o r s s h o u l d be, s u f f i c i e n t l y f a r a p a r t t o 
o p e r a t e a s i n d e p e n d e n t t e l e s c o p e s ; f o r a gamma r a y e n e r g y o f 2 0 0 0 
GeV, a s p a c i n g g r e a t e r t h a n a b o u t 100 m w o u l d s u f f i c e . On t h e o t h e r 
h a n d , a f u n d a m e n t a l r e q u i r e m e n t o f t h e f a s t t i m i n g t e c h n i q u e i s 
t h a t , t h e r e b e m u l t i p l e d e t e c t o r c o i n c i d e n c e s , i n o r d e r t o l o c a t e 
t h e d i r e c t i o n o f o r i g i n o f t h e p r i m a r y gamma r a y . 
The a n g u l a r r e s o l u t i o n o f t h e a r r a y i m p r o v e s w i t h i n c r e a s i n g 
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d e t e c t o r s p a c i n g , up t o t h e t h r e e f o l d l i m i t ; b e y o n d t h i s t h e 
d e t e c t o r s b ecome i n d e p e n d e n t a n d t h e t e c h n i q u e i s i n a p p l i c a b l e . 
H o w e v e r , a t t h e same t i m e t h e e f f e c t i v e c o l l e c t i n g a r e a o f t h e 
a r r a y f o r t h r e e f o l d o r f o u r f o l d r e s p o n s e s i s r e d u c e d . The 
t h e o r e t i c a l v a r i a t i o n o f t h e s e t w o q u a n t i t i e s w i t h a r r a y s i z e i s 
i l l u s t r a t e d i n F i g u r e s 3.11a a n d 3.11b ( G i b s o n et a i , 1 9 8 1 ) ; t h e 
q u a n t i t y p l o t t e d i n F i g u r e 3.11a i s t h e e f f e c t i v e t h r e e f o l d a r e a 
r e l a t i v e t o t h e t h e o r e t i c a l maximum, t h i s c o r r e s p o n d i n g t o t h e 
t h r e e t e l e s c o p e s b e i n g p o s i t i o n e d d i r e c t l y a d j a c e n t t o o n e a n o t h e r . 
The f i n a l c h o i c e o f a r r a y s p a c i n g ( F i g u r e 3.1) r e p r e s e n t s t h e 
b e s t c o m p r o m i s e ; t h e a n g u l a r r e s o l u t i o n i s a b o u t 0 . 2 ° , t h e 
t h r e e f o l d c o l l e c t i n g a r e a i s a p p r o x i m a t e l y 0.5 o f t h e maximum 
p o s s i b l e v a l u e , a n d t h e o u t e r d e t e c t o r s a r e a p p r o a c h i n g 
i n d e p e n d e n c e a t a s p a c i n g o f 100 m. 
3.14 F a c i l i t y P e r f o r m a n c e . 
I n o r d e r t o i l l u s t r a t e t h e g e n e r a l p e r f o r m a n c e c a p a b i l i t i e s 
o f t h e a r r a y t h e n i g h t o f A u g u s t 25 1982 h a s b e e n s e l e c t e d f o r 
d e t a i l e d e x a m i n a t i o n . I t was a c l e a r , c l o u d l e s s n i g h t , d u r i n g w h i c h 
C y g n u s X-3 was t r a c k e d f r o m t h e z e n i t h down t o 5 2 ° . T h e r e was no 
a p p a r e n t e x c e s s f r o m t h e s o u r c e d u r i n g t h i s r u n . 
I n F i g u r e 3 . 1 2 , t h e r a t e s o f o n e f o l d , t w o f o l d , t h r e e f o l d a n d 
f o u r f o l d d e t e c t o r c o i n c i d e n c e s a r e p l o t t e d a s a f u n c t i o n o f z e n i t h 
a n g l e , t o g e t h e r w i t h t h e t o t a l c o u n t r a t e . The p e r h a p s u n e x p e c t e d 
f e a t u r e s h e r e a r e t h e d i p s i n t h e r e s p o n s e s a t t h e z e n i t h . T h i s i s 
a f e a t u r e w h i c h a l s o a p p e a r e d i n t h e 1 9 8 1 d a t a . I t s o r i g i n a n d 
i m p l i c a t i o n s w i l l be d i s c u s s e d i n C h a p t e r 4. 
I n F i g u r e 3 . 1 3 , t h e r e l a t i v e s e n s i t i v i t i e s o f t h e f o u r 
50 
T — — — I — 
0 100 300 
Array Side (m) 
Figure 3.11a Relative Three-fold Area as a Function 




Array Side (m) 
Figure 3.11b Angular Resolution for Inter-Detector 










40 20 30 50 10 
Zenith Angle / d e g r e e s 
Figure 3.12 Example of Array Performance in 1982. 
Detector 
R e s p o n s e s 
S 20 0 1-1- any 
x 2 + any 
3 + any 
4 + any 
10 
i i 
10 20 30 4 0 50 
Zeni th Angle / degrees 
F igure 3.13 Relat ive S e n s i t i v i e s of the Four Te lescopes . 
t e l e s c o p e s a r e i l l u s t r a t e d . The t o t a l n u m b e r o f r e s p o n s e s b y e a c h 
d e t e c t o r i s p l o t t e d a g a i n s t z e n i t h a n g l e . (No a c c o u n t i s t a k e n o f 
w h i c h o t h e r d e t e c t o r s w e r e a l s o t r i g g e r e d , s o t h e s e a r e n o t 
i n d e p e n d e n t g r a p h s . ) N e v e r t h e l e s s , t h e y show t h a t d e t e c t o r s 2 a n d 3 
a r e o f r e l a t i v e l y l o w t h r e s h o l d , d e t e c t o r 4 i s r e l a t i v e l y h i g h , a n d 
d e t e c t o r 1 i s i n t e r m e d i a t e . T h i s d i f f e r e n c e i n s e n s i t i v i t i e s was 
n o t a d e s i g n f e a t u r e , b u t r e f l e c t s t h e v a r y i n g q u a l i t y o f m i r r o r 
s u r f a c e s a n d PMTs i n u s e . I t h a s , h o w e v e r , p r o v e d u s e f u l i n 
e s t i m a t i n g t h e s l o p e s o f e n e r g y s p e c t r a , a s d i s c u s s e d i n C h a p t e r 7 
( s e c t i o n 7 . 1 . 4 ) . 
3 . 1 4 . 1 The E n e r g y T h r e s h o l d a n d C o l l e c t i n g A r e a . 
The i n t e r e l a t i o n s h i p b e t w e e n c o l l e c t i n g a r e a a n d e n e r g y 
t h r e s h o l d makes i t d i f f i c u l t t o p r o v i d e an a c c u r a t e m e a s u r e o f 
e i t h e r . F r o m e x a m i n a t i o n o f t h e d a t a i n t e r m s o f s i n g l e a n d 
m u l t i p l e - f o l d r e s p o n s e s ( F i g u r e 3 . 1 2 ) i t i s c l e a r t h a t t h e 
c o l l e c t i n g a r e a o f a s i n g l e t e l e s c o p e c o r r e s p o n d s t o a c i r c l e o f 
r a d i u s ^ 5 0 m, t h a t i s , M . 5 x 10" m 2; i f i t w e r e much l a r g e r t h a n 
t h i s , t h e p r o p o r t i o n o f m u l t i p l e - f o l d r e s p o n s e s w o u l d be g r e a t l y 
e n h a n c e d a t t h e e x p e n s e o f s i n g l e d e t e c t o r t r i g g e r s , much s m a l l e r 
a n d t h e c o n v e r s e w o u l d be t h e c a s e . 
B a s e d on t h i s i t i s p o s s i b l e t o e s t i m a t e t h e t h r e s h o l d o f a 
s i n g l e t e l e s c o p e by n o t i n g t h e c o u n t r a t e when t h e r e i s no s o u r c e 
o f VHE gamma r a y s i n t h e f i e l d o f v i e w ; u n d e r t h i s c o n d i t i o n t h e 
d e t e c t o r i s r e c o r d i n g t h e CR b a c k g r o u n d . By c o n s i d e r i n g t h e 
e s t i m a t e d c o l l e c t i n g a r e a i t i s p o s s i b l e t o c a l c u l a t e t h e f l u x 
d e t e c t e d , a n d s i n c e t h e e n e r g y s p e c t r u m o f t h e CR b a c k g r o u n d i s 
w e l l e s t a b l i s h e d an e s t i m a t e o f d e t e c t o r t h r e s h o l d i s p o s s i b l e . 
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F o r t h e f o u r d e t e c t o r s 
e n e r g y t h r e s h o l d s v a r y o v e r t h e 
e r r o r o f "•'407. ( K i r k m a n , p r i v a t e 
t h e s i s ) . 
i n t h e Dugway a r r a y t h e e s t i m a t e d 
r a n g e 1-2 TeV, w i t h an e s t i m a t e d 
c o m m u n i c a t i o n a n d f o r t h c o m i n g Ph.D. 
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CHAPTER 4. 
THE SIMULATION OF CERENKOV LIGHT PRODUCED BY 1000 GeV GAMMA RAYS. 
D e t a i l e d c o m p u t e r s i m u l a t i o n s h a v e b e e n made o f t h e 
p r o d u c t i o n o f C e r e n k o v l i g h t i n t h e c a s c a d e s p r o d u c e d by 1 0 0 - 1 0 0 0 
GeV gamma r a y s , a n d i n c l u d e t h e r e s p o n s e s o f t w o d e t e c t i o n s y s t e m s . 
The r e s u l t s r e l a t i n g t o o n e o f t h e s e , t h e Dugway f a c i l i t y , a r e 
d e a l t w i t h i n t h e s e c o n d p a r t o f t h i s c h a p t e r , w h i l e t h o s e r e l a t i n g 
t o t h e o t h e r , t h e M o u n t H o p k i n s I m a g i n g e x p e r i m e n t , w i l l be 
d i s c u s s e d i n C h a p t e r 5. I n t h e f i r s t p a r t o f t h i s c h a p t e r t h e 
m a t h e m a t i c a l m o d e l e m p l o y e d i s e x a m i n e d . 
4.1 The M a t h e m a t i c a l M o d e l . 
I n t h e n e x t s e c t i o n an o v e r v i e w o f t h e o r i g i n a l p r o g r a m i s 
g i v e n . T h i s i s f o l l o w e d b y a d e s c r i p t i o n o f t h e m o d i f i c a t i o n s a n d 
a d d i t i o n s e m p l o y e d i n t h e c u r r e n t s i m u l a t i o n s . 
4 . 1 . 1 The O r i g i n a l P r o g r a m . 
The o r i g i n a l c a l c u l a t i o n s w e r e d e v e l o p e d a t Durham b e t w e e n 
1971 a n d 1979 ( S m i t h a n d T u r v e r , 1 9 7 3 , B r o w n i n g a n d T u r v e r , 1 9 7 7 , 
P r o t h e r o e a n d T u r v e r , 1 9 7 9 , M cComb a n d T u r v e r , 1 9 8 1 ) i n c o n j u n c t i o n 
w i t h t h e e x t e n s i v e a i r s h o w e r (EAS) e x p e r i m e n t s a t H a v e r a h P a r k , 
and a t Dugway, U t a h . T h e s e c a l c u l a t i o n s w e r e d e s i g n e d t o p r o d u c e 
p r e d i c t i o n s f o r C e r e n k o v l i g h t p r o d u c e d by CR p r o t o n s and gamma 
r a y s . The p u b l i s h e d d a t a on gamma r a y s h o w e r s w e r e o f g e n e r a l 
a p p l i c a t i o n , no a t t e m p t b e i n g made t o t a i l o r t h e m t o a n y p a r t i c u l a r 
ex p e r i m e n t . 
The e l e c t r o n - p h o t o n c a s c a d e was s i m u l a t e d i n t h r e e d i m e n s i o n s 
u s i n g a M o n t e C a r l o c a l c u l a t i o n . A l e f t - h a n d e d C a r t e s i a n c o o r d i n a t e 
s y s t e m was u s e d w i t h t h e o r i g i n d e f i n e d as t h e p o i n t o f i n j e c t i o n 
o f t h e p r i m a r y gamma r a y . The x d i r e c t i o n was d e f i n e d as m a g n e t i c 
e a s t , t h e y d i r e c t i o n as m a g n e t i c n o r t h , and t h e z d i r e c t i o n 
t o w a r d s t h e E a r t h ' s c e n t r e . 
T h e t r a c k s o f a l l e l e c t r o n s a n d p o s i t r o n s w e r e s p l i t i n t o 
s t r a i g h t s e g m e n t s a p p r o x i m a t i n g t o t h e i r c u r v e d t r a j e c t o r i e s i n t h e 
g e o m a g n e t i c f i e l d a n d t h e C e r e n k o v l i g h t c o m p o n e n t c a l c u l a t e d as 
f o l l o w s . ( T h e t e r m ' e l e c t r o n ' w i l l be u s e d g e n e r i c a l l y t o i n c l u d e 
p o s i t r o n s u n l e s s o t h e r w i s e s t a t e d . ) 
T h e c o n e o f r a d i a t i o n p r o d u c e d b y e a c h s e g m e n t o f t h e 
e l e c t r o n t r a c k , w h i c h was a s s u m e d t o o r i g i n a t e a t i t s m i d p o i n t , was 
r e p r e s e n t e d b y 180 r a y s o f p h o t o n s t e r m i n a t i n g i n t h e o b s e r v a t i o n 
p l a n e a n d f o r m i n g t h e r e an e l l i p s e . T h e s e w e r e t h e n b i n n e d by c o r e 
d i s t a n c e ( u s i n g a s e r i e s o f a n n u l a r r i n g s c e n t r e d on t h e c o r e 
i m p a c t p o s i t i o n ) , z e n i t h a n g l e , w a v e l e n g t h a n d t i m e . 
T h e p r o c e s s e s w h o s e e f f e c t s w e r e i n c o r p o r a t e d i n t h e m o d e l 
i n c l u d e B r e m s s t r a h l u n g , p a i r - p r o d u c t i o n , m u l t i p l e C o u l o m b 
s c a t t e r i n g , C o m p t o n s c a t t e r i n g , i o n i s a t i o n a n d d i r e c t 
p a i r - p r o d u c t i o n by e l e c t r o n s . The e f f e c t o f t h e E a r t h ' s g e o m a g n e t i c 
f i e l d was a l s o i n c l u d e d . The a t t e n u a t i o n o f l i g h t i n t h e a t m o s p h e r e 
was c a l c u l a t e d u s i n g t h e m o d e l o f E l t e r m a n n ( E l t e r m a n n , 1 9 6 8 ) . 
The r e s u l t s o f t h e s e o r i g i n a l c a l c u l a t i o n s w e r e c o m p a r e d w i t h 
t h o s e o b t a i n e d by o t h e r w o r k e r s u s i n g d i f f e r e n t s i m u l a t i o n p r o g r a m s 
by B r o w n i n g a n d T u r v e r ( B r o w n i n g and T u r v e r , 1 9 7 7 ) . E x t e n s i v e 
c o m p a r i s o n o f t h e r e s u l t s was d i f f i c u l t b e c a u s e o f t h e v e r y 
d i f f e r e n t , m o r e d e t a i l e d a p p r o a c h t o t h e c a l c u l a t i o n s p a r t i c u l a r l y 
w i t h r e g a r d t o t h e i n c l u s i o n o f t h e e f f e c t o f t h e E a r t h ' s 
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g e o m a g n e t i c f i e l d , t h e s e b e i n g t h e f i r s t c a l c u l a t i o n s t o do s o . 
N e v e r t h e l e s s some g e n e r a l a r e a s o f a g r e e m e n t w e r e f o u n d , a f u l l 
d i s c u s s i o n o f w h i c h ' i s g i v e n i n t h e a b o v e m e n t i o n e d p a p e r . 
4.2 The S i m u l a t i o n o f t h e r e s p o n s e o f t h e Dugway S y s t e m . 
T h e a i m o f t h e c u r r e n t w o r k was t o s i m u l a t e a s c l o s e l y a s 
p o s s i b l e t h e r e s p o n s e o f t h e Dugway s y s t e m t o 1000 GeV gamma r a y s . 
The s i m u l a t i o n s w e r e t o be u s e d t o a s s i s t i n t h e c h o i c e o f a r r a y 
s p a c i n g , a n d t h e e s t i m a t i o n o f t h e t e l e s c o p e t h r e s h o l d e n e r g y a n d 
c o l l e c t i n g a r e a . 
4 . 2 . 1 M o d i f i c a t i o n s E m p l o y e d i n t h e S i m u l a t i o n s . 
M o s t o f t h e o r i g i n a l c o m p u t e r c o d e r e m a i n e d u n a l t e r e d , 
i n c l u d i n g t h e p a r t s d e a l i n g w i t h c a s c a d e d e v e l o p m e n t a n d C e r e n k o v 
l i g h t p r o d u c t i o n . T h e b i n n i n g r o u t i n e , h o w e v e r , was r e p l a c e d . 
P h o t o n d e n s i t i e s w e r e b i n n e d i n a r e c t a n g u l a r m a t r i x o f 1225 
( 4 9 x 2 5 ) d e t e c t o r s o f t h e t y p e e m p l o y e d a t D u gway, p i t c h e d a t 15 m 
i n t h e x - d i r e c t i o n ( e a s t ) a n d 26 m i n t h e y - d i r e c t i o n ( n o r t h ) . 
T h e s e d i m e n s i o n s w e r e c h o s e n t o a c c o m m o d a t e t h e g e o m e t r y o f t h e 
a c t u a l a r r a y ( F i g u r e 4 . 1 ) . The u s e o f s u c h a m a t r i x e n a b l e s a 
s i n g l e s h o w e r t o be o b s e r v e d b y a D u g w a y - t y p e a r r a y f r o m many 
d i f f e r e n t p o s i t i o n s r e l a t i v e t o t h e s h o w e r ' s c o r e . 
As i n t h e a c t u a l e x p e r i m e n t , e a c h d e t e c t o r i n t h i s m a t r i x 
c o n s i s t e d o f t h r e e p a r a x i a l f l u x c o l l e c t o r s , e a c h w i t h g e o m e t r i c a l 
a n g u l a r a c c e p t a n c e o f 1.7°. D e t a i l s o f t h e g e o m e t r i c a l a s p e c t s o f 
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F igure 4.1 A Sect ion of the Binning Matrix Showing a Possible 
Locat ion for the Array. 
4.2.2 B i n n i n g G e o m e t r y . 
I n o r d e r t o s i m u l a t e t h e a c c e p t a n c e o f a d e t e c t o r a s 
a c c u r a t e l y a s p o s s i b l e , t h e f o l l o w i n g p r o c e d u r e was a d o p t e d . 
E a c h r a y o f p h o t o n s was d e a l t w i t h i n d i v i d u a l l y . The e x i s t i n g 
p r o g r a m p r o v i d e d t h e c o o r d i n a t e s o f P 0, t h e m i d - p o i n t o f t h e t r a c k 
s e g m e n t p r o d u c i n g t h e r a y , t h e c o o r d i n a t e s i n t h e o b s e r v a t i o n p l a n e 
o f P i , t h e p o i n t o f i m p a c t o f t h e r a y , a n d t h e r a y ' s p h o t o n d e n s i t y 
a t t h i s p o i n t . 
The f i r s t s t e p was t o d e t e r m i n e t o w h i c h d e t e c t o r i n t h e 
m a t r i x P i was c l o s e s t , t h e d e t e c t o r s b e i n g s p a c e d s u f f i c i e n t l y f a r 
a p a r t t o make t h e c l o s e s t d e t e c t o r t h e o n l y o n e c a p a b l e o f 
i n t e r c e p t i n g t h e r a y . 
Two c o n d i t i o n s roust be s a t i s f i e d f o r t h e t e l e s c o p e t o be 
c o n s i d e r e d t o d e t e c t t h e r a y : t h e p a t h o f t h e r a y m u s t be 
i n t e r c e p t e d b y o n e o f t h e t e l e s c o p e ' s t h r e e m i r r o r s , a n d i t s 
d i r e c t i o n m u s t f a l l w i t h i n t h e c o n e o f a c c e p t a n c e . F o r r e a s o n s o f 
c o m p u t i n g e f f i c i e n c y , t h e l a t t e r c o n d i t i o n i s i n v e s t i g a t e d f i r s t . 
I n F i g u r e 4.2 t h e t e c h n i q u e u s e d i s i l l u s t r a t e d . The 
t e l e s c o p e i s r e p r e s e n t e d by t h r e e c i r c l e s o f 1.5 m d i a m e t e r l y i n g 
i n a p l a n e . I t i s c o n s i d e r e d t o p i v o t a b o u t t h e p o i n t P 3 ( x 3 , y 3 , z 3 ) , 
t h e m i d d l e o f t h e c e n t r a l m i r r o r . The r a y o f p h o t o n s o r i g i n a t e s a t 
P o < x 0 , y o , Z o > a n d t e r m i n a t e s i n t h e o b s e r v a t i o n p l a n e a t 
Pi (x i , ' y i , z i ) , i n t e r s e c t i n g t h e p l a n e o f t h e t e l e s c o p e a t 
F'2 (>:2 , Y2 , Z 2 ) • The a n g l e «i i s t h a t b e t w e e n t h e l i n e PoPi and t h e 
n o r m a l t o t h e p l a n e , w h i l e « 2 i s t h a t b e t w e e n P 0 P 3 and t h e n o r m a l . 
I n g e n e r a l , t h e a n g l e («) b e t w e e n t w o l i n e s w i t h d i r e c t i o n 













c o s ( a > = 1 1 1 2 + i r i j m 2 + n i n 2 ( 4 . 1 ) 
F o r t h e r a y , P 0 P j t h e d i r e c t i o n c o s i n e s a r e g i v e n by 
l i §1 
d i 
( 4 . 2 ) 
it 
d i 
( 4 . 3 ) 
fiz 
d i 
( 4 . 4 ) 
w h e r e 
fix = ( x 0 - x i > 
Sy = ( y 0 - y i > 
fiz = ( z 9 - z > ) 
a n d d i , t h e l e n g t h o f P 0 P i , i s 
d t = [ f i x 2 + fiy2 + fiz2]°-a 
F o r t h e t e l e s c o p e , p o i n t i n g i n a d i r e c t i o n (S,<>) t h e 
d i r e c t i o n c o s i n e s a r e 
1 2 = s i n <S> c d s U ) ( 4 . 5 ) 
m 2 = s i n ( f l ) : s i n ( < f > ( 4 . 6 ) 
n 2 = c o s (6 ) ( 4 . 7 ) 
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Hence « i may be found us ing equat ion ( 4 . 1 ) . For d e t e c t i o n , 
the i n e q u a l i t y Oi < 0 . 8 5 must h o l d . 
To s a t i s f y the other c o n d i t i o n , the point P 2 must l i e w i th in 
one of the three c i r c l e s . I t s c o o r d i n a t e s are c a l c u l a t e d as 
f o l l o w s . 
A more genera l form of equat ion ( 4 . 2 ) i s 
where x i s any point on the l i n e P 0 P i , and d i s the d i s t a n c e of 
that po in t from P 0 . Rear ranging t h i s , we obta in 
x = x 0 - l i d . 
We are i n t e r e s t e d in x 2 , so we use 
T h e r e f o r e in order to obta in x 2 we need to know d 2 , the length of 
the l i n e P0P2. 
Now, the p e r p e n d i c u l a r d i s t a n c e , p, from Po to the plane i s 
given by, 
1» = (>:o-x) 
d 
x 2 = x 0 - l i d 2 ( 4 . 8 ) 
p = d 2 C 0 5 ( f l i ) ( 4 . 9 ) 
and a l s o 
p = d ^ c o s ( « 2 ) ( 4 . 1 0 ) 
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S i n c e d s <the length of the l i n e P 0 P s > and a 2 may be 
c a l c u l a t e d in a s i m i l a r way to d t and the c o o r d i n a t e s of P 3 
being known, we may e l i m i n a t e p from equat ions (4 .9 ) and (4.10) to 
y i e l d , 
d 2 = d 3 c o s ( « 2 ) (4 .11) 
c o s ( a i ) 
S u b s t i t u t i n g in to equation (4 .8 ) we have 
X s = X o - 1 i d s c o s ( a 2 ) (4 .12) 
C O S ( « i ) 
Si mi 1ar 1 y 
y 2 = yp - f f l idscos(q 2 ) (4 .13) 
c o s ( a t ) 
z 2 = z 0 - n i d 3 c o s ( a 2 ) (4 .14) 
c o s U i ) 
Using equat ions ( 4 . 1 2 ) - ( 4 . 1 4 ) the c o o r d i n a t e s of P 2 may be 
found. Then the d i s t a n c e , r , between P 2 and the c e n t r e of each 
' m i r r o r ' can be c a l c u l a t e d . I f the c o n d i t i o n r <= 0. 75m is f u l f i 1 1 e d 
for any of t h e s e the ray i s cons idered to have s t r u c k that one. 
At t h i s point the a t t e n u a t i o n of l i g h t in the ray i s 
determined in order to c a l c u l a t e the photon d e n s i t y , which i s then 
s t o r e d . 
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4 . 2 . 3 C o n s i d e r a t i o n s of Computational E f f i c i e n c y . 
fin important c o n s i d e r a t i o n regard ing the implementation of 
the m o d i f i c a t i o n s was the e f f i c i e n c y of the code; for example, the 
s u b r o u t i n e c o n t a i n i n g the b inn ing p r o c e s s i n g i s c a l l e d * 10 s t imes 
for a cascade i n i t i a t e d by a 1 TeV gamma r a y . In order to maximise 
the e f f i c i e n c y of the code two main s t r a t e g i e s were adopted. 
The f i r s t of these i n v o l v e d at tempting to e l i m i n a t e as many 
' r a y s ' of photons as p o s s i b l e s imply on the b a s i s of the 
in fo rmat ion r e g a r d i n g the point of impact on the ground without 
r e s o r t i n g to the c o m p l i c a t e d , and t h e r e f o r e e x p e n s i v e , c a l c u l a t i o n s 
d e s c r i b e d in the p r e v i o u s s e c t i o n . Given the p h y s i c a l 
c h a r a c t e r i s t i c s of a t e l e s c o p e , i n c l u d i n g i t s s i z e and angle of 
a c c e p t a n c e , and app ly ing the c o n s t r a i n t that i t not be operated at 
z e n i t h a n g l e s g r e a t e r than 6 0 ° , i t i s p o s s i b l e tD de f ine for each a 
catchment a r e a in the ground p l a n e . With the chosen t e l e s c o p e 
s p a c i n g in the matr ix t h i s catchment area i s smal l compared to the 
t o t a l a r e a of the m a t r i x . 
A f t e r the c o o r d i n a t e s in the ground plane of the point of 
impact of a ray of photons have been c a l c u l a t e d , the next step i s 
to determine to which t e l e s c o p e t h i s point i s c l o s e s t . Th is i s done 
by t r a n s l a t i n g the c o o r d i n a t e s in to a frame of r e f e r e n c e with u n i t s 
in >; and y d i r e c t i o n s , chosen such that the c o o r d i n a t e s of t e l e s c o p e 
l o c a t i o n s are i n t e g e r s , the c e n t r a l t e l e s c o p e being located at 
( 2 5 , 1 3 ) ; t h i s i s to f a c i l i t a t e s to rage of the detected s i g n a l in 
computer memory. I t i s then a s t r a i g h t f o r w a r d matter to decide 
whether the c o o r d i n a t e s of the point of impact are s u f f i c i e n t l y 
c l o s e to i n t e g e r v a l u e s to be w i t h i n a t e l e s c o p e ' s catchment a r e a , 
and i f they are not the ray i s abandoned, thus avoiding the 
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compl icated c a l c u l a t i o n s o u t l i n e d in the p rev ious s e c t i o n . 
The second s t r a t e g y invo lved running the s i m u l a t i o n program 
in con j u n c t i o n .with- a s u p p l i e d system subrout ine whose purpose i s 
to monitor the d i s t r i b u t i o n of cpu time among the program's 
s u b r o u t i n e s and f u n c t i o n s . T h i s produced a d e t a i l e d report from 
which i t was p o s s i b l e to i d e n t i f y the most f r e q u e n t l y executed 
s e c t i o n s of code and take s t e p s to improve t h e i r e f f i c i e n c y . By 
t h i s means the average cpu time used by the program was reduced by 
about 307.. 
4 .3 Checks of the S i m u l a t i o n s . 
To minimize the p o s s i b i l i t y of c o r r u p t i n g the e x i s t i n g 
program,- the new s e c t i o n s of code were i n s e r t e d as e x t r a , as 
opposed to rep lacement , and redundant code was simply bypassed 
r a t h e r than de le ted a l t o g e t h e r . These new s e c t i o n s -were thoroughly 
t e s t e d in i s o l a t i o n from the r e s t of the program before u s e , 
p a r t i c u l a r l y those r e l a t i n g to the geometr ica l c a l c u l a t i o n s 
d e s c r i b e d in s e c t i o n 4 . 2 . 2 . 
As a f i n a l c h e c k , before any deduct ive work was c a r r i e d out 
us ing the new s i m u l a t i o n s , they were t e s t e d a g a i n s t prev ious 
c a l c u l a t i o n s us ing the same b a s i c code (Browning and Turver , 1977, 
Protheroe and T u r v e r , 1979) . The aim of these t e s t s was not to 
e s t a b l i s h the v a l i d i t y of the cascade product ion part of the 
program s i n c e t h i s had a l r e a d y been achieved ( s e c t i o n 4 . 1 . 1 ) , 
r a t h e r to check that the new b inning r o u t i n e s gave s e n s i b l e 
r e s u l t s . I t was not p o s s i b l e to compare the present r e s u l t s with 
s i m i l a r c a l c u l a t i o n s made by other workers s i n c e none e x i s t s which 
i s d i r e c t l y comparable. 
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L a t e r a l d i s t r i b u t i o n s -for v e r t i c a l l y i n j e c t e d showers at 
e n e r g i e s of 100, 300 and 1000 GeV were obtained by averaging the 
a p p r o p r i a t e events from the s i m u l a t i o n d a t a b a s e , d e t a i l s of which 
are g iven in the next s e c t i o n . The r e s u l t s are shown in F i g u r e s 4 .3 
and 4 .4 where they are compared with s i m i l a r p l o t s obtained at 100 
and 300 GeV by Browning and Turver (Browning and T u r v e r , 1977) , 
which employed geomet r ica l a p e r t u r e s of 1° and 3° (FWHM), compared 
to the p r e s e n t va lue of 1 . 7 ° , and an o b s e r v a t i o n a l t i t u d e of 2380 m 
a . s . l . i n s t e a d of the Dugway a l t i t u d e of 1448 m a . s . l . The c u r r e n t 
r e s u l t s a re c o n s i s t e n t with p r e v i o u s work. ( I t should be noted that 
the c u r r e n t l a t e r a l d i s t r i b u t i o n s r e f e r to an o r i g i n at the c e n t r e 
of the d e t e c t o r m a t r i x , the p o s i t i o n of core impact , but that the 
peak in i n t e n s i t y of the l i g h t pool g e n e r a l l y o c c u r s away from t h i s 
p o i n t , as d i s c u s s e d l a t e r in s e c t i o n 4 . 5 . 1 . Consequent ly F i g u r e s 
4 .3 and 4 .4 do not r e p r e s e n t the maximum photon d e n s i t i e s r e c o r d e d . 
However, s i n c e the p r e v i o u s r e s u l t s (ibid.) were a l s o cent red at 
the p o s i t i o n of core impact t h i s was the most appropr ia te way of 
c a l c u l a t i n g l a t e r a l d i s t r i b u t i o n s for the purpose of compar ison) . 
4 .4 The S i m u l a t i o n Database . 
P r e l i m i n a r y e s t i m a t e s of the t h r e s h o l d energy of the Dugway 
d e t e c t o r s y i e l d e d a va lue of the order of 1000 GeV. As t h i s i s the 
h i g h e s t energy which can be r e a l i s t i c a l l y s imula ted given the 
c o n s t r a i n t s se t by c o n s i d e r a t i o n s of a v a i l a b l e time on the 
computer, i t i s upon c a s c a d e s i n i t i a t e d by gamma r a y s of t h i s 
energy t h a t the r e s u l t s are based. However, as mentioned in the 
p r e v i o u s s e c t i o n , in order to provide a l i n k with e a r l i e r 
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Figure 4.4 Comparison of Lateral Distributions with Previous Work at 300 GeV. 
and T u r v e r , 1977) , s i m u l a t i o n of 100 GeV and 300 GeV gamma ray 
i n i t i a t e d showers was a l s o c a r r i e d out ( F i g u r e s 4 . 3 a n d . 4 . 4 ) . 
S i m u l a t i o n s were obta ined with primary gamma r a y s i n j e c t e d at 
0 , 10 and 35 degrees to the z e n i t h to prov ide a measure of the 
performance of the a r ray over the range of z e n i t h ang les employed 
in the a c t u a l o b s e r v a t i o n s . A summary of the c a l c u l a t i o n s made i s 
gi ven i n Table 4 . 1 . 
Each s imu la ted shower i s i n i t i a t e d by a 10 d i g i t random 
number. To a l low as c l o s e a comparison as p o s s i b l e between c a s c a d e s 
i n i t i a t e d by gamma r a y s of d i f f e r e n t i n j e c t i o n a n g l e s , the numbers 
s e l e c t e d randomly for the v e r t i c a l l y i n j e c t e d showers were r e t a i n e d 
for the n o n - v e r t i c a l ones , so that as near as i s p o s s i b l e the same 
cascade developments were used . Of c o u r s e , the shower development 
i s d i f f e r e n t in d e t a i l at d i f f e r e n t i n j e c t i o n a n g l e s , but the 
genera l c h a r a c t e r i s t i c s , such as the depth at which the cascade 
max imises , are s i m i l a r . 
The r e s u l t s of each s i m u l a t i o n are observed by the matrix of 
1225 d e t e c t o r s seven t i m e s , tha t i s , with d e t e c t o r s po in t ing along 
the l i n e of approach of the primary gamma r a y , and with them t i l t e d 
up to ± 3° o f f - a x i s , in 1° increments (no s i g n i f i c a n t s i g n a l i s 
d e t e c t a b l e at o f f s e t ang les g r e a t e r than 3 ° ) . T h i s s i m u l a t e s the 
e f f e c t of a source p a s s i n g through the f i e l d of view of the 
t e l e s c o p e s , and i s used to c a l c u l a t e t h e i r e f f e c t i v e aper ture 
f u n c t i o n s . 
4 .4 .1 B a s i c Output from the C a l c u l a t e d Showers. 
The in format ion produced upon.comp1etion of a s imulated gamma 
ray i n i t i a t e d cascade f a l l s broadly in to three c a t e g o r i e s : 
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Table 4.1 
Energy(GeV) I n j e c t i on 
Angle (Zen) 
No. of 
E v e n t s 
1000 0 20 
1000 10 20 
1000 35 20 
300 0 10 
300 10 10 
300 35 10 
100 0 25 
100 10 10 
100 35 25 
Table 4 .2 
Pr imary gamma ray energy = 1000 GeV 
I n j e c t i o n angle Zeni th = 0 . 0 ° , 10.0 ° , 3 5 . 0 ° 
Azimuth = 9 0 . 0 ° 
I n j e c t i o n a l t i t u d e = 29600 m a . s . l . 
Observa t ion a l t i t u d e = 1448 m a . s . l . (Dugway) 
Energy c u t - o f f to ensure emiss ion = 20.0 MeV 
1. F i r s t l y there are genera l d e t a i l s regard ing the i n i t i a l 
parameters s e l e c t e d , i n c l u d i n g the energy of the primary gamma r a y , 
i t s i n j e c t i o n angle and a l t i t u d e , the o b s e r v a t i o n a l t i t u d e , and the 
e l e c t r o n energy t h r e s h o l d -for emiss ion of Cerenkov l i g h t . The 
v a l u e s employed throughout these c a l c u l a t i o n s are given in Table 
4 . 2 . 
2. Secondly a summary i s given of the e l e c t r o n number 
development and the number and energy of e l e c t r o n s and photons 
r e a c h i n g the o b s e r v a t i o n l e v e l . The former i s p a r t i c u l a r l y use fu l 
in d i s t i n g u i s h i n g between showers which develop norma l ly , and those 
deve lop ing p a r t i c u l a r l y e a r l y or l a t e in the atmosphere. G e n e r a l l y , 
the deeper the primary gamma ray p e n e t r a t e s in to the atmosphere 
before the f i r s t i n t e r a c t i o n o c c u r s , the narrower i s the pool of 
l i g h t produced at the o b s e r v a t i o n l e v e l . 
3 . T h i r d l y , the response of the l a r g e matrix of Dugway-type 
d e t e c t o r s i s given in u n i t s of photons m - 2 , as a func t ion of o f f s e t 
angle between the d i r e c t i o n of t r a v e l of the primary gamma ray and 
the o r i e n t a t i o n of the t e l e s c o p e s . T h i s forms the p r i n c i p a l 
da tabase for a n a l y s i s to a s s i s t the Dugway exper iment . 
4 . 4 . 2 Hap of Array Responses . . 
For the main a n a l y s i s the in format ion in the database 
undergoes f u r t h e r p r o c e s s i n g . A map of a r ray responses i s produced 
by c o n s i d e r i n g the response of a Dugway-type a r r a y at each p o s i t i o n 
in the ground plane covered by the mat r i x . Examples are provided in 
F i g u r e s 4 . 5 a , b , c and d, which are maps der ived from a cascade 
produced by a v e r t i c a l l y i n j e c t e d 1 TeV primary gamma r a y , observed 
over a range of de tec tor t h r e s h o l d s . The p o s i t i o n (0 ,0 ) i s that of 
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S h o w e r N o . : H . D . 2 0 6 
T h r e s h o l d : 4 0 . 0 p h o t o n s / s q . m N 
D e t e c t o r s p o i n t i n g o l o n g s h o w e r a x i s W — -
C o r e ' i m p a c t p o s i t i o n a t ( 0 . 0 ) ( a x i s u n i t s a r e m e t r e s ) 
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2 4 0 9 0 6 0 
3 0 180 2 1 0 
Number o f 4 - f o l d s « 2 6 
Number o f 3 - f o l d s - 3 9 
Number o f 2 - f o l d s - 3 7 
Number o f 1 — f o l d s •» 9 3 
B r e a k d o w n o f r e s p o n s e s 
1 2 3 ( 1 4 ) 1 2 4 ( 1 6 ) 
12 ( 1 0 ) 1 3 ( 1 2 ) 
1 ( 0 ) 2 ( 2 7 ) 
2 J 4 ( a ) 
1 4 ( 1 0 ) 
3 ( 3 3 ) 
1 3 4 ( 9 ) 
2 3 ( 2 ) 
4 ( 3 3 ) 
2 4 ( 2 ) 3 4 ( 1 ) 
Dugway 
a r r a y 
geomet r y 
F i g u r e 4 . 5 o Map o f A r r a y R e s p o n s e s l o V e r t i c a l l y I n j e c t e d . 1000 G e V S h o w e r . 
S h o w e r No . : H . 0 . 2 0 6 
T h r e s h o l d : 5 5 . 8 p h o t o n s / s q . m N 
O e t e c t o r s p o i n t i n g a l o n g s h o w e r a x i s w E 










































3 0 0 2 7 8 2 4 8 2 1 8 
N u n b e r o f 4 - f o l d s = 15 
Number o f 3 - f o l d s " 3 2 
N u m b e r . o f 2 - f o l d s - 3 5 
N u n b e r o f 1 - f o l d s " 8 2 
\7d 
B r e a k d o w n o f r e s p o n s e s 
1 2 3 ( 1 1 ) 1 2 4 ( 1 3 ) 
12 ( 9 ) 1 3 ( 1 1 ) 
1 ( 0 ) 2 ( 2 5 ) 
2 3 4 ( 8 ) 
1 4 ( 1 8 ) 
3 ( 3 0 ) 
1 3 4 ( 8 ) 
2 3 ( 1 ) 
4 ( 2 7 ) 
6 8 180 2 1 8 2 7 8 
3 0 8 
2 4 ( 3 ) 3 4 ( I ) 
Dugway 
a r r a y 
g e o m e t r y 
F i g u r e 4 . 5 b Map o f A r r a y R e s p o n s e s t o V e r t i c a l l y I n j e c t e d 1008 G e V 
S h o w e r N o . : H O . 2 0 6 
T h r e s h o l d : 7 0 . 0 p h o t o n s / s q . m 
D e t e c t o r s p o i n t i n g o l o n g s h o w e r a x i s 
C o r e i m p a c t p o s i t i o n a t ( 0 . 0 ) ( a x i s u n i t s a r e m e t r e s ) 
1 2 
2 7 0 2 4 0 2 1 0 1 8 8 150 1 2 8 
9 0 128 158 180 2 1 8 2 * 8 
B r e a k d o w n o f r e s p o n s e s 
Number of 4 - f o l d s = 9 
Number o f J - l o l d s = 2 8 
Number o f 2 - f o l d s = J J 
Number o f W o l d s - 7 4 
1 2 3 ( 1 0 ) 1 2 4 ( 1 1 ) 
1 2 ( 9 ) 1 3 ( 9 ) 
1 ( 0 ) 2 ( 2 2 ) 
2 J 4 ( 0 ) 
1 4 ( 10 ) 
3 ( 2 8 ) 
1 J 4 ( 7 ) 
2 3 ( 1 ) 
4 ( 2 4 ) 
2 4 ( i) 3 4 ( 1 ) 
Dugway 
o r r o y 
g e o m e t r y 
F i g u r e 4 . 5 c Map of A r r a y R e s p o n s e s to V e r t i c a l l y I n j e c t e d 1 0 0 0 C e V S h o w e r . 
S h o w e r No . : H . 0 . 2 0 6 
T h r e s h o l d : 8 5 . 0 p h o t o n s / s q . m 
D e t e c t o r s p o i n t i n g a l o n g s h o w e r a x i s 















• 3 4 
1 
3 4 ; 
1 2 
3 
3 6 0 2 7 3 2 4 0 2 1 0 1 8 0 1 5 0 1 2 0 9 0 6 0 3 0 0 
3 0 6 0 
B r e a k d o w n o f r e s p o n s e s 
Number o f 4 - f o l d s - 1 
Number o t 3 - l o l d s - 16 1 2 3 ( 5 ) 1 2 4 ( 7 ) 2 3 4 ( 0 ) 
1 3 4 ( 6 ) 
N u n b e r o ( 2 - f o l d s - 2 7 1 2 ( 8 ) 1 3 ( 8 ) 1 4 ( 8 ) 
2 3 ( 1 ) 2 4 ( 1 ) 3 4 ( 
Number o f 1 - ( o l d s - 6 4 K 0 2 ( 2 1 ) 3 ( 2 2 ) 4 ( 2 0 ) 
3 0  9 6 126 150 180 - 2 1 0 2 4 0 
Dugway 
array 
g e o m e t r y 
F i g u r e 4 . 5 d Map of A r r a y R e s p o n s e s t o V e r t i c a l l y I n j e c t e d 1 0 0 0 C e V S h o w e r : 
the t h e o r e t i c a l po int of impact of the primary gamma r a y , and the 
numbers along both axes cor respond to d i s t a n c e measured in metres. 
The numbers in each box i n d i c a t e which of the four d e t e c t o r s would 
have been t r i g g e r e d by the event i f the c e n t r a l de tec tor of the 
a r ray had been in the p o s i t i o n i n d i c a t e d by that box (the presence 
of the number ' 1 ' i n d i c a t e s that de tec to r 1 would have been 
t r i g g e r e d , and so o n ) . Thus , the presence of a l l four numbers 
r e p r e s e n t s a f o u r f o l d d e t e c t i o n of the Cerenkov l i g h t f l a s h . 
The va lue chosen for t h r e s h o l d of the d e t e c t o r s i s v a r i a b l e , 
and for t h i s work a range of s i x v a l u e s , from 25 to 100 photons 
m~ 2 , was u s e d . T h i s c h o i c e was based on the o r i g i n a l e s t i m a t e s of 
the expected s e n s i t i v i t y of the d e t e c t o r s , (70-100 photons m - 2 ) 
which has been supported by exper imenta l r e s u l t s . Very l i t t l e 
s i g n a l i s de tec ted when o b s e r v a t i o n t h r e s h o l d s grea ter than 100 
photons m~2 a re employed. 
4 . 5 R e s u l t s of the S i m u l a t i o n s . 
One of the most important a s p e c t s of these s i m u l a t i o n s l i e s 
in t h e i r a s s i s t a n c e in unders tand ing the performance of the a r ray 
of t e l e s c o p e s at d i f f e r e n t z e n i t h a n g l e s . For example, p rev ious 
workers have suggested that the count r a t e observed by such 
d e t e c t o r s should d i m i n i s h as c o s 2 - = ( l? ) , where '8' is the z e n i t h 
ang le : i t w i l l be shown here that the z e n i t h angle dependence i s 
very much more compl ica ted and i s a s t rong f u n c t i o n of the detector 
t h r e s h o l d , a f a c t for which t h e r e i s s i g n i f i c a n t coroboratory 
ev idence in the data obta ined at Dugway dur ing 1981 and 1982. 
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4 .5 .1 General C h a r a c t e r i s t i c s of the V e r t i c a l l y I n j e c t e d 1000 
GeV- S imulated C a s c a d e s . 
The genera l c h a r a c t e r i s t i c s of the showers , such as the s i z e 
of the l i g h t p o o l , vary with the depth of the maximum of the 
e l e c t r o n - p h o t o n c a s c a d e . The h istogram in F i g u r e 4.6 i n d i c a t e s the 
range of v a l u e s for t h i s parameter for v e r t i c a l l y i n j e c t e d 
c a s c a d e s , with the ' u n i t ' of a tmospher ic depth being 25.8 g e m - 2 
( that i s , the n t h bin i s cen t red at a depth of 25.8 x (n - 0 .5) 
g e m " 2 ) . From t h i s the most l i k e l y depth of maximum i s ""270 g e m - 2 , 
with the e a r l i e s t deve loping event in the database maximising at a 
depth of ^245 gem" 2 and the l a t e s t at ^SSO g e m - 2 . 
The number of e l e c t r o n s of energy g r e a t e r than 20 MeV at the 
maximum v a r i e s over the range 500-800 , the mean va lue for the 20 
v e r t i c a l 1000 GeV even ts s tand ing at ^670. The average number of 
e l e c t r o n s r e a c h i n g the o b s e r v a t i o n l e v e l (1448 ro a . s . l . ) i s 12, and 
that of photons 60, but peak v a l u e s can be as high as 60 and 300 
r e s p e c t i v e l y for l a t e developing c a s c a d e s . 
The peak in the recorded photon d e n s i t y i s t y p i c a l l y > MOO 
photons m~2 for e a r l y and normal shower development r i s i n g to > 
"M00 photons m~2 for the l a t e s t developing c a s c a d e s . 
The parameter used to d e f i n e the s i z e of the l i g h t pool i s 
the d i s t a n c e from the p o s i t i o n of the peak in the recorded photon 
d e n s i t y to that at which t h i s has f a l l e n to 1/e of i t s maximum 
v a l u e ; t h i s d i s t a n c e i s measured in e igh t compass d i r e c t i o n s and 
the mean c a l c u l a t e d . T y p i c a l r a d i i of l i g h t pools for the e a r l i e s t , 
an average and the l a t e s t deve loping showers are 110 m, 100 m and 
45 m r e s p e c t i v e l y . 
F i n a l l y , as mentioned p r e v i o u s l y , the peak in the recorded 
66 




15 20 25 
Maximum (1 unit = 25.8 gem"2) 
Figure 4.6 Histogram Showing Variation of Depth of Maximum. 
p h o t o n d e n s i t y i s d i s p l a c e d b y u p t o 1 0 0 m - f r o m t h e p o s i t i o n o f 
c o r e i m p a c t . T h e r e i s n o s i g n i f i c a n t e v i d e n c e f o r a p r e f e r r e d 
d i r e c t i o n f o r t h i s d i s p l a c e m e n t , a n d s i m i l a r e f f e c t s h a v e b e e n 
n o t e d b y o t h e r w o r k e r s ( P o r t e r , 1 9 7 3 ) . 
4 . 5 . 2 G e n e r a l C h a r a c t e r i s t i c s o f t h e N o n - V e r t i c a l C a s c a d e s . 
F o r c a s c a d e s i n i t i a t e d b y g a m m a r a y s i n j e c t e d a t z e n i t h 
a n g l e s o f 1 0 ° a n d 3 5 ° t h e p e a k i n t h e e l e c t r o n n u m b e r d e v e l o p m e n t 
o c c u r s t y p i c a l l y o n e o r t w o b i n s e a r l i e r t h a n w i t h t h e v e r t i c a l 
s h o w e r s ( t h e t o t a l n u m b e r o f e l e c t r o n s p r o d u c e d i s a p p r o x i m a t e l y 
t h e s a m e ) . T h e n u m b e r s o f e l e c t r o n s a n d p h o t o n s r e a c h i n g t h e 
o b s e r v a t i o n p l a n e a r e m o r e o r l e s s u n c h a n g e d f o r 1 0 ° c a s c a d e s , b u t 
m u c h r e d u c e d a t 3 5 ° , w i t h a v e r a g e v a l u e s o f 1 a n d 5 r e s p e c t i v e l y . 
T h e p e a k s i n p h o t o n d e n s i t y r e c o r d e d f o r 1 0 ° c a s c a d e s a r e 
s i m i l a r t o t h o s e o b t a i n e d f o r v e r t i c a l o n e s , b u t a t 3 5 ° t h e s e f a l l 
t o b e t w e e n 5 0 a n d 1 0 0 p h o t o n s m ~ 2 f o r e a r l y a n d n o r m a l s h o w e r 
d e v e l o p m e n t a n d > ^ 1 3 0 p h o t o n s m - 2 f o r l a t e d e v e l o p e r s . 
F i n a l l y , t h e s i z e o f t h e l i g h t p o o l i n c r e a s e s w i t h z e n i t h 
a n g l e a s e x p e c t e d . A t 1 0 ° t h e r a d i i o f l i g h t p o o l s f o r e a r l y a n d 
n o r m a l d e v e l o p i n g s h o w e r s a r e t y p i c a l l y i n t h e r a n g e 1 2 0 - 1 3 0 m, 
w h i l e l a t e d e v e l o p e r s p r o d u c e v a l u e s "*7Q m. F o r 3 5 ° s h o w e r s t h e 
r a d i i a r e d i f f i c u l t t o e s t i m a t e a c c o r d i n g t o t h e c o n v e n t i o n 
d e s c r i b e d i n t h e p r e v i o u s s e c t i o n s i n c e t h e t y p i c a l l i g h t p o o l n o 
l o n g e r h a s a w e l l - d e f i n e d p e a k , b e i n g a f a i r l y w i d e d i s t r i b u t i o n 
w i t h a l a r g e n u m b e r o f s m a l l p e a k s a n d t r o u g h s . O n l y i n t h e c a s e o f 
l a t e d e v e l o p i n g c a s c a d e s i s i t p o s s i b l e t o m a k e a r e a s o n a b l e 
e s t i m a t e , a n d t h i s p r o d u c e s a v a l u e o f * 1 -15 m. 
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4 . 5 . 3 T h e V a r i a t i o n o f A r r a y R e s p o n s e w i t h Z e n i t h A n g l e . 
T o d e t e r m i n e t h e z e n i t h a n g l e d e p e n d e n c e o f t h e a r r a y 
r e s p o n s e , t h e n u m b e r o f o n - a x i s c o u n t s , a v e r a g e d o v e r t h e 2 0 
s h o w e r s , h a s b e e n p l o t t e d a s a f u n c t i o n o f z e n i t h a n g l e i n F i g u r e 
4 . 7 , f o r e a c h o f t h e s i x t h r e s h o l d s u s e d . 
I n a l l c a s e s e x c e p t t h a t c o r r e s p o n d i n g t o t h e h i g h e s t 
t h r e s h o l d , t h e m a x i m u m c o u n t r a t e i s o b s e r v e d a w a y f r o m t h e 
v e r t i c a l , c o n t r a r y t o c o n v e n t i o n a l e x p e c t a t i o n s . T h e e x p l a n a t i o n 
o f f e r e d h e r e f o r t h e f o r m o f t h e s e p l o t s i s t h a t t h e r e a r e t w o 
c o m p e t i n g i n f l u e n c e s o n t h e t e l e s c o p e r e s p o n s e , t h e r e l a t i v e 
i m p o r t a n c e o f w h i c h d e p e n d s o n t h e t h r e s h o l d b e i n g c o n s i d e r e d . 
A s t h e i n j e c t i o n a n g l e o f t h e p r i m a r y g a m m a r a y i s i n c r e a s e d , 
t h e s h o w e r d e v e l o p s a t p r o g r e s s i v e l y h i g h e r a l t i t u d e s a n d t h e 
C e r e n k o v s i g n a l c o n s e q u e n t l y s u f f e r s g r e a t e r a t t e n u a t i o n , r e s u l t i n g 
i n l o w e r p h o t o n d e n s i t y i n t h e o b s e r v a t i o n p l a n e . . 
A t t h e s a m e t i m e , h o w e v e r , t h e s i z e o f t h e l i g h t p o o l o n t h e 
g r o u n d i s i n c r e a s e d , d u e p a r t l y t o a f a c t o r o f c o s ' M S ) a r i s i n g 
f r o m t h e t i l t i n g o f t h e l i g h t c o n e w i t h r e s p e c t t o t h e p l a n e o f 
o b s e r v a t i o n , a n d m o r e s o d u e t o t h e l e n g t h e n i n g o f t h e c o n e a x i s 
r e s u l t i n g f r o m t h e d e v e l o p m e n t a t a g r e a t e r d i s t a n c e f r o m t h e 
o b s e r v a t i o n l e v e l . 
T h e n e t r e s u l t i s t h a t a s t h e z e n i t h a n g l e i s i n c r e a s e d t h e 
l i g h t p o o l d i m i n i s h e s i n d e n s i t y b u t i n c r e a s e s i n s i z e . A t h i g h 
o b s e r v a t i o n t h r e s h o l d s C M GO p h o t o n s m ~ 2 ) t h e f o r m e r i n f l u e n c e i s 
e x p e c t e d t o d o m i n a t e , w i t h t h e l a t t e r h a v i n g i n c r e a s i n g e f f e c t a s 
t h e t h r e s h o l d i s r e d u c e d . A t t h e l o w e s t t h r e s h o l d s ( < 5 0 p h o t o n s 
n r 2 ) i t c a n b e s e e n f r o m F i g u r e 4 . 7 t h a t t h e s i z e o f t h e l i g h t p o o l 
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Figure 4.7 Zenith Angle Dependence of Array Response at Each Threshold 
ft c o m p a r i s o n w i t h a c t u a l d a t a , d r a w n f r o m t h r e e n i g h t s ' 
o b s e r v a t i o n , i s p r o v i d e d i n F i g u r e 4 . 8 . T h e s e l e c t i o n o f t h e n i g h t s 
o f 2 2 a n d 2 5 A u g u s t a n d 14 O c t o b e r 1 9 8 2 w a s b a s e d u p o n t h r e e 
c r i t e r i a : 
1 . On e a c h n i g h t t h e s o u r c e ( C y g n u s X - 3 ) w a s t r a c k e d 
c o n t i n u o u s l y o v e r t h e e n t i r e r a n g e o f z e n i t h a n g l e s p e r t i n e n t t o 
t h e s i m u l a t i o n s . 
2 . T h e s k y c o n d i t i o n s w e r e e x c e l l e n t t h r o u g h o u t . 
3 . N o s i g n i f i c a n t e x c e s s c o u n t w a s d e t e c t e d a t a n y p h a s e , 
i n d i c a t i n g t h a t t h e r e w e r e n o s o u r c e s e m i t t i n g . 
I n F i g u r e 4 . 8 t h e t o t a l n u m b e r o f c o u n t s d e t e c t e d b y t h e 
a r r a y o f f o u r t e l e s c o p e s i s p l o t t e d a g a i n s t z e n i t h a n g l e ; e a c h d a t a 
p o i n t r e p e s e n t s 3 0 m i n u t e s d a t a , t h e p o i n t b e i n g p l o t t e d a t t h e 
a v e r a g e z e n i t h a n g l e f o r t h a t p e r i o d . F o r t w o o f t h e s e p l o t s t h e 
m a x i m u m o b s e r v e d c o u n t o c c u r s a t ^ 5 ° , w h i l e f o r t h e t h i r d t h e 
r e s p o n s e i s f a i r l y f l a t o u t t o ' " 2 0 o . A c c o r d i n g t o t h e s i m u l a t e d 
r e s p o n s e s o f F i g u r e 4 . 7 t h e s e c o r r e s p o n d t o o b s e r v a t i o n t h r e s h o l d s 
o f b e t w e e n 7 0 a n d 1 0 0 p h o t o n s m ~ 2 i n a g r e e m e n t w i t h v a l u e s d e r i v e d 
f r o m c a l i b r a t i o n s . I t s h o u l d b e n o t e d t h a t i n t h e s i m u l a t i o n o f t h e 
r e s p o n s e o f t h e a r r a y t h e d e t e c t o r s a r e a l l a s s u m e d t o h a v e t h e 
s a m e t h r e s h o l d , w h e r e a s t h e r e a l t e l e s c o p e s s p a n a r a n g e o f 
s e n s i t i v i t i e s a s n o t e d i n C h a p t e r 3 ( s e c t i o n 3 . 1 4 ) . 
4 . 5 . 4 S i n g l e a n d M u l t i p l e D e t e c t o r R e s p o n s e s . 
T h e r e l a t i v e c o n t r i b u t i o n s o f s i n g l e a n d m u l t i p l e d e t e c t o r 
r e s p o n s e s t o t h e t o t a l n u m b e r o f c o u n t s a r e p l o t t e d a s a f u n c t i o n 





















Zenith Angle (degrees) 
Figure 4.8 Zenith Angle Dependence of Array Response. 
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Figure 4.9 Angular Dependence of Responses at Each Threshold. 
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Figure 4.9e,f 
d e n s i t y t h r e s h o l d s c h o s e n . 
I n t h e l i g h t of" t h e r e s u l t s d i s c u s s e d i n t h e p r e v i o u s 
s e c t i o n , t h e s e r e s u l t s a r e n o t s u r p r i s i n g . A t t h e h i g h e r t h r e s h o l d s 
( F i g u r e s 4 . 9 e a n d 4 . 9 f ) t h e v a r i a t i o n o f t h e r e l a t i v e r e s p o n s e s 
w i t h z e n i t h a n g l e i s m o r e o r l e s s w h a t w o u l d b e e x p e c t e d f r o m t h i s 
p r e v i o u s w o r k ; a s t h e i n j e c t i o n a n g l e i s i n c r e a s e d t h e l i g h t i s 
m o r e a t t e n u a t e d a n d c o n s e q u e n t l y t h e n u m b e r o f o n e f o l d s r i s e s a t 
t h e e x p e n s e o f m u l t i p l e - f o l d r e s p o n s e s . A t l o w e r t h r e s h o l d s , 
h o w e v e r , o n c e a g a i n t h e i n c r e a s e i n s i z e o f l i g h t p o o l b e c o m e s 
p r o g r e s s i v e l y m o r e s i g n i f i c a n t , l e a d i n g u l t i m a t e l y , a t t h e l o w e s t 
t h r e s h o l d ( F i g u r e 4 . 9 a ) , t o t h e c a s e w h e r e o n e f o l d a n d e v e n t w o f o l d 
r e s p o n s e s d i m i n i s h , a l l o w i n g t h e h i g h e r m u l t i p l i c i t y r e s p o n s e s t o 
i n c r e a s e i n n u m b e r . 
O n c e a g a i n , c o m p a r i s o n w i t h e x p e r i m e n t a l r e s u l t s i s u s e f u l , 
t h e s e b e i n g t w o g r a p h s ( F i g u r e s 4 . 1 0 a a n d 4 . 1 0 b ) , t h e f i r s t b a s e d 
o n 1 9 8 1 d a t a a n d t h e s e c o n d o n t h a t r e c o r d e d i n 1 9 8 2 , i n w h i c h t h e 
p e r c e n t a g e s o f s i n g l e , t w o , t h r e e , a n d f o u r f o l d r e s p o n s e s a r e 
p l o t t e d a g a i n s t t h e z e n i t h a n g l e a t w h i c h t h e o b s e r v a t i o n s w e r e 
m a d e . I n 1 9 8 1 t h e a r r a y c o m p r i s e d o n e l o w t h r e s h o l d , t w o m e d i u m 
t h r e s h o l d a n d o n e h i g h t h r e s h o l d d e t e c t o r . I n 1 9 8 2 t h e s e n s i t i v i t y 
o f t h e a r r a y w a s i m p r o v e d b y m o r e r i g o r o u s m i r r o r a l i g n m e n t a n d 
o p e r a t i n g a t h i g h e r F'MT g a i n , t h e p r i n c i p a l b e n e f i t b e i n g t h e 
i n c r e a s e i n s e n s i t i v i t y o f o n e o f t h e m e d i u m t h r e s h o l d t e l e s c o p e s 
r e s u l t i n g i n t w o l o w t h r e s h o l d c h a n n e l s . 
T h e e f f e c t o f t h i s i m p r o v e m e n t i n s e n s i t i v i t y i s m o s t m a r k e d 
a t z e n i t h a n g l e s g r e a t e r t h a n * 2 Q ° w h e r e t h e p e r c e n t a g e o f 
m u l t i p l e - f o l d r e s p o n s e s i s m a i n t a i n e d f o r m u c h l o n g e r . C o m p a r i s o n 
w i t h t h e r e s u l t s i n F i g u r e s 4 . 9 a t o 4 . 9 - f i s e n c o u r a g i n g . T h e 1 9 8 1 
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Figure 4.10 Distribution of Single and Multiple-Fold Responses for 
1981 and 1982. 
d a t a i s s i m i l a r i n f o r m t o t h e p l o t a t 1 0 0 p h o t o n s m ~ 2 , w h e r e a s t h e 
1 9 8 2 d a t a i s m o r e l i k e t h a t a t 7 0 p h o t o n s n r 2 . T h e r e i s a s l i g h t 
d i s c r e p a n c y i n t h a t t h e s h a r e o f o n e f o l d r e s p o n s e s i s h i g h e r a n d 
t h a t o f t w o f o l d a n d t h r e e f o l d c o r r e s p o n d i n g l y l o w e r f o r t h e 
s i m u l a t e d c a s c a d e s t h a t f o r t h e r e a l d a t a , b u t t h i s may b e d u e t o 
t h e n o n - u n i f o r m s e n s i t i v i t i e s o f r e a l t e l e s c o p e s a t D u g w a y . 
4 . 5 . 5 T h e R e s p o n s e o f O n e o r M o r e D e t e c t o r s a s a F u n c t i o n o f 
T h r e s h o l d . 
T h e n u m b e r o f r e s p o n s e s o f o n e , t w o , t h r e e o r f o u r d e t e c t o r s , 
e x p r e s s e d a s a p e r c e n t a g e o f t o t a l r e s p o n s e , i s p l o t t e d i n F i g u r e s 
4 . 1 1 a , 4 . 1 1 b a n d 4 . 1 1 c , a s a f u n c t i o n o f t h r e s h o l d , f o r t h e z e n i t h 
a n g l e s i n u s e . 
T h e g e n e r a l c h a r a c t e r i s t i c i s o f a s t e a d y i n c r e a s e i n t h e 
p e r c e n t a g e o f o n e f o l d s a t t h e e x p e n s e o f t h e h i g h e r f o l d n u m b e r s . 
T h i s i s e n t i r e l y e x p e c t e d , s i n c e t h e l i g h t p o o l i s e f f e c t i v e l y 
r e d u c e d i n s i z e a s t h e t h r e s h o l d i s i n c r e a s e d . 
T h e r e i s , h o w e v e r , a n u n u s u a l f e a t u r e , n a m e l y t h e b e h a v i o u r 
o f t h e t w o f o l d c u r v e . A t 0 ° i n j e c t i o n a n g l e , t h e p e r c e n t a g e o f 
t w o f o l d s i s j u s t g r e a t e r t h a n t h a t o f t h r e e f o l d s a t t h e s m a l l e s t 
t h r e s h o l d : t h e r e a f t e r t h e d i f f e r e n c e b e t w e e n t h e m i n c r e a s e s . A t 1 0 ° 
t h e p e r c e n t a g e o f t h e l a t t e r i s m a r g i n a l l y g r e a t e r t h a n t h a t o f t h e 
f o r m e r a t l o w t h r e s h o l d s , w i t h t h e c r o s s o v e r p o i n t o c c u r r i n g 
b e t w e e n 4 0 a n d 5 5 p h o t o n s m ~ 2 , a n d t h e e f f e c t i s e v e n m o r e 
p r o n o u n c e d a t 3 5 ° i n j e c t i o n a n g l e . T h i s may b e e x p l a i n e d b y s i m i l a r 
a r g u m e n t s t o t h o s e u s e d i n t h e p r e c e e d i n g s e c t i o n , n a m e l y t h a t a t 
s u f f i c i e n t l y l o w t h r e s h o l d s t h e e f f e c t o f t h e g r e a t e r s i z e o f t h e 
l i g h t p o o l a t i n c r e a s e d i n j e c t i o n a n g l e s o u t w e i g h s t h e 
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Figure 4.11c 
c o r r e s p o n d i n g r e d u c t i o n i n p h o t o n d e n s i t y i n t h e o b s e r v a t i o n p l a n e . 
4 . 5 . 6 T h e C o m p u t e d A p e r t u r e F u n c t i o n . 
T h e c o m p u t e d t e l e s c o p e a p e r t u r e - f u n c t i o n s w e r e o b t a i n e d b y 
c a l c u l a t i n g t h e n u m b e r o f r e s p o n s e s o f t h e d e t e c t o r m a t r i x f o r e a c h 
1 0 0 0 GeV s h o w e r ( s e e F i g u r e 4 . 5 ) a s a f u n c t i o n o f t h e o f f s e t a n g l e 
b e t w e e n t h e a r r i v a l d i r e c t i o n o f t h e p r i m a r y gamma r a y a n d t h e 
p o i n t i n g d i r e c t i o n o f t h e t e l e s c o p e s . T h e r e s u l t s w e r e i n t e g r a t e d 
o v e r a l l s h o w e r s a t e a c h z e n i t h i n j e c t i o n a n g l e a n d f o r e a c h o f t h e 
s e l e c t e d o b s e r v a t i o n t h r e s h o l d s . 
C u r v e s w e r e f i t t e d t o t h e d a t a p o i n t s u s i n g a f u n c t i o n o f t h e 
f o r m 
y ( x ) = A e x p < - x p / a ) ( 4 . 1 5 ) 
w h e r e y c o r r e s p o n d s t o t h e n u m b e r o f r e s p o n s e s a t a n o f f s e t a n g l e 
x , e x p r e s s e d a s a p e r c e n t a g e o f t h e t o t a l n u m b e r o f r e s p o n s e s . T h e 
v a l u e s o f t h e p a r a m e t e r s A , a a n d p a r e f i x e d b y t h e v a l u e s 
o b t a i n e d f o r y a t 0 , 1 a n d 2 d e g r e e s o f f s e t r e s p e c t i v e l y : t h e v a l u e 
o f t h e FWHM m a y b e o b t a i n e d b y s u b s t i t u t i n g y = A / 2 i n t o t h i s 
e q u a t i o n . ( A p e r t u r e f u n c t i o n s f o r w h i c h A < y d ) h a v e a m o r e 
c o m p l i c a t e d f u n c t i o n a l f o r m t h a n t h a t d e s c r i b e d b y e q u a t i o n 4 . 1 5 
a n d w e r e t h e r e f o r e f i t t e d " b y e y e " . ) T h e r e s u l t s a r e p l o t t e d i n 
F i g u r e s 4 . 1 2 a , 4 . 1 2 b a n d 4 . 1 2 c a s s i n g l e - s i d e d f u n c t i o n s ( t h e 
r e s p o n s e s w e r e f o u n d t o b e s y m m e t r i c a l f o r n e g a t i v e a n d p o s i t i v e 
v a l u e s o f x , a n d w e r e c o m b i n e d t o g i v e i m p r o v e d s t a t i s t i c s ) . T h e s e 
f u n c t i o n s a r e s e e n t o b e a p p r o x i m a t e l y G a u s s i a n , w i t h t y p i c a l 
v a l u e s o f p f a l l i n g b e t w e e n 2 a n d 3 ( e q u a t i o n 4 . 1 5 r e d u c e s t o 
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Figure 4.12a Aperture Functions for Cascades Initiated by Gamma Rays 
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Figure 4.12c 35° Cascades. 
G a u s s i a n form when p = 2 ) . 
The most i m p o r t a n t - fac t i s t h a t t h e g e o m e t r i c a p e r t u r e ( 1 . 7 ° 
FWHM) i s i n c r e a s e d owing t o t h e f i n i t e s i z e of t h e l i g h t s p o t t o a 
v a l u e i n t h e r a n g e 2 - 3 ° . The g e n e r a l c h a r a c t e r i s t i c i s o f . a n 
a p e r t u r e f u n c t i o n whose w i d t h and s h a p e v a r i e s w i t h both t h r e s h o l d 
and i n j e c t i o n a n g l e . I t w i l l be shown t h a t t h e s e two q u a n t i t i e s a r e 
c l o s e l y r e l a t e d , w h i c h i s no t u n e x p e c t e d , and t h a t t h i s h a s 
i m p o r t a n t c o n s e q u e n c e s r e g a r d i n g t h e i n t e r p r e t a t i o n of an 
e x p e r i m e n t a l d e t e r m i n a t i o n of t h e a p e r t u r e of a t e l e s c o p e . 
I n F i g u r e 4 . 1 2 a t h e a p e r t u r e f u n c t i o n s o b t a i n e d f o r 
v e r t i c a l l y i n j e c t e d s h o w e r s a r e p r e s e n t e d . The main c h a r a c t e r i s t i c 
i s t h a t t h e a p e r t u r e f u n c t i o n n a r r o w s a s t h e o b s e r v a t i o n t h r e s h o l d 
i n c r e a s e s . At t h e l o w e s t t h r e s h o l d c o n s i d e r e d (25 p h o t o n s m~2> i t 
h a s t h e v a l u e of ^ 2 . 9 ° , w h i c h i s r e d u c e d t o ^ 2 . 5 ° a t a t h r e s h o l d of 
55 p h o t o n s m ~ 2 . T h e r e a f t e r no a p p r e c i a b l e f u r t h e r r e d u c t i o n i s 
s e e n , and i n f a c t a t a t h r e s h o l d of 100 p h o t o n s m~ 2 t h e r e i s e v e n 
an a p p a r e n t w i d e n i n g t o 2 . 6 ° . 
The c o r r e s p o n d i n g r e s u l t s f o r i n j e c t i o n a n g l e s of 1 0 ° and 3 5 ° 
a r e p r e s e n t e d i n F i g u r e s 4 . 1 2 b and 4 . 1 2 c r e s p e c t i v e l y . At 10° t h e 
w i d t h of t h e a p e r t u r e f u n c t i o n r e a c h e s i t s minimum v a l u e ( 2 . 3 ° ) a t 
a t h r e s h o l d of 40 p h o t o n s m~ 2 . From 70 p h o t o n s m - 2 u p w a r d s t h e 
f u n c t i o n i s w i d e n i n g a g a i n , and a t 85 p h o t o n s m - 2 t h e peak r e s p o n s e 
a p p e a r s a t 1° o f f s e t . Moving on to 3 5 ° , a s i m i l a r p a t t e r n i s s e e n , 
but now t h e a p e r t u r e f u n c t i o n i s a t i t s n a r r o w e s t ( 2 . 1 ° ) a t 25 
p h o t o n s m - 2 , and t h e s h i f t i n t h e peak r e s p o n s e p o s i t i o n o c c u r s a t 
s t i l l l o w e r t h r e s h o l d s . 
In a d d i t i o n t o c o n s i d e r i n g t h e t o t a l a r r a y r e s p o n s e i n t h i s 
way , t h e d i f f e r e n c e s b e t w e e n a p e r t u r e f u n c t i o n s c o r r e s p o n d i n g to 
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s i n g l e and m u l t i p l e - f o l d t e l e s c o p e r e s p o n s e s w e r e i n v e s t i g a t e d . In 
F i g u r e 4 . 1 3 t h e r e s u l t s d e r i v e d -from t h e 20 v e r t i c a l 1000 GeV 
c a s c a d e s , and u s i n g an o b s e r v a t i o n t h r e s h o l d a p p r o p r i a t e to t h e 
a c t u a l a r r a y (70 p h o t o n s i n - 2 ) , a r e g i v e n . The a p e r t u r e f u n c t i o n i s 
s e e n t o n a r r o w a s f o l d - n u m b e r i n c r e a s e s f rom 2 . 8 ° f o r o n e f o l d 
r e s p o n s e s to 1 . 7 ° f o r f o u r f o l d r e s p o n s e s . The c h a n g e s s e e n i n w i d t h 
and s h a p e of t h e s e f u n c t i o n s a r e e x p e c t e d f rom t h e p r e v i o u s 
f i n d i n g s , s i n c e i n e f f e c t an i n c r e a s e i n f o l d - n u m b e r i s e q u i v a l e n t 
t o an i n c r e a s e i n t h r e s h o l d . 
E x p e r i m e n t a l e v i d e n c e , u s i n g t h e f a s t i n t e r - d e t e c t o r t i m i n g 
t e c h n i q u e d e s c r i b e d i n C h a p t e r 3 ( s e c t i o n 3 . 1 2 . 5 ) , ( D o w t h w a i t e et 
a l , 1 9 8 4 a ) h a s i n d i c a t e d t h a t t h e gamma r a y s f rom a s o u r c e have a 
s p r e a d of o n l y ""1°, w h e r e a s t h e CR p r o t o n s a r e , of c o u r s e , 
i s o t r o p i c . I f t h e a p e r t u r e f u n c t i o n s i n F i g u r e 4 . 1 3 a r e . examined 
w i t h t h i s i n mind i t may be s e e n t h a t t h e h i g h e r f o l d - n u m b e r 
r e s p o n s e s ought t o be r i c h e r i n gamma r a y s t h a n t h e l o w e r o n e s , 
s i n c e a g r e a t e r p e r c e n t a g e of t h e s e s h o w e r s a r e d e t e c t e d w i t h i n 
0 . 5 ° of t h e d i r e c t i o n of t h e s o u r c e ( a s s u m e d t o be a t 0 ° o f f s e t ) . 
T h i s i s s u p p o r t e d by t h e l i g h t c u r v e s g i v e n i n F i g u r e s 4 . 1 4 a 
and 4 . 1 4 b ( i b i d . ) , fo rmed f rom o n e f o l d and t w o f o l d t e l e s c o p e 
r e s p o n s e s r e s p e c t i v e l y , u s i n g d a t a r e c o r d e d on t h e C r a b p u l s a r 
d u r i n g 1 9 8 2 - 1 9 8 3 , where an e x c e s s i n c o u n t s i s s e e n a t t h e p h a s e of 
t h e r a d i o main p u l s e . T h i s e x c e s s , w h i l e o b s e r v e d a t b e t t e r t h a n 
t h e 3 a l e v e l of s i g n i f i c a n c e i n b o t h d a t a s e t s , i s s e e n to be 
s t r o n g e r by a f a c t o r of ^2 i n t h e d a t a of F i g u r e 4 . 1 4 b than f o r 
t h o s e of F i g u r e 4 . 1 4 a , a 1007. i m p r o v e m e n t i n S / N r a t i o . 
T h i s i s somewhat l a r g e r t h a n t h e p r e d i c t i o n f rom t h e 
s i m u l a t i o n s , w h i c h s u g g e s t s * 277. i m p r o v e m e n t o n l y . T h i s p r e d i c t i o n 
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Figure 4.13 Aperture Functions for Vertically Injected Cascades 
























Figure 4.14 Light Curves for All Events Recorded 
from PSR0531 in November 1982 
which Initiated [a] Onefold and 
[b] Twofold Telescope Responses. 
was o b t a i n e d by c o n s i d e r i n g t h e a p e r t u r e - f u n c t i o n i n t h r e e 
d i m e n s i o n s and c a l c u l a t i n g t h e vo lume e n c l o s e d f o r both one- fo ld and 
t w o f o l d r e s p o n s e s . The t o t a l vo lume e n c l o s e d was c o n s i d e r e d to be 
p r o p o r t i o n a l to t h e n o i s e f rom t h e i s o t r o p i c CR b a c k g r o u n d , w h i l e 
t h e v o l u m e e n c l o s e d by t h e a p e r t u r e f u n c t i o n w i t h i n 0 . 5 ° of t h e 
a x i s c o r r e s p o n d s t o t h e gamma r a y s i g n a l . A c o m p a r i s o n of the two 
S / N r a t i o s so o b t a i n e d l e a d s t o t h e p r e d i c t i o n a b o v e . 
T h i s t r e a t m e n t makes s e v e r a l a s s u m p t i o n s , h o w e v e r . The f i r s t 
i s t h a t t h e a p e r t u r e f u n c t i o n f o r p r o t o n s w i l l be t h e same a s t h a t 
o b t a i n e d h e r e f o r gamma r a y s ; c l e a r l y i f i t were b r o a d e r i t i s 
e x p e c t e d t h a t t h e e n h a n c e m e n t would be g r e a t e r . 
S e c o n d l y , o n l y 1000 GeV gamma r a y s h a v e been c o n s i d e r e d f o r 
t h i s t r e a t m e n t . In r e a l i t y , t w o f o l d r e s p o n s e s w i l l t e n d to r e s u l t 
f rom h i g h e r e n e r g y gamma r a y s t h a n o n e f o l d s , and any d i f f e r e n c e i n 
t h e s l o p e s of t h e s p e c t r a f o r gamma r a y s and t h e CR b a c k g r o u n d 
would t h e r e f o r e a f f e c t t h i s r e s u l t . 
A t h i r d a s s u m p t i o n , m e n t i o n e d i n an e a r l i e r s e c t i o n , i s t h a t 
t h e t e l e s c o p e s a r e a l l of e q u a l s e n s i t i v i t y , w h i c h i s not t h e c a s e 
i n r e a l i t y , and t h i s t o o may h a v e an e f f e c t . 
N e v e r t h e l e s s t h e i m p o r t a n t f a c t i s t h a t t h e p r e d i c t i o n f rom 
t h e s i m u l a t i o n s of an i m p r o v e m e n t i n t h e S / N r a t i o i s b o r n e out by 
t h e o b s e r v a t i o n of an e s t a b l i s h e d gamma r a y s o u r c e . I t i s e x p e c t e d 
f rom F i g u r e 4 . 1 3 t h a t , a f u r t h e r e n h a n c e m e n t would be o b t a i n e d by 
c o n s i d e r i n g t h r e e f o l d or f o u r f o l d t e l e s c o p e r e s p o n s e s a l o n e , but 
t h e number of t h e s e i n t h e d a t a r e c o r d e d i n 1 9 8 2 - 1 9 8 3 i s too s m a l l 
to e n a b l e t h e d e t e c t i o n of any s i g n i f i c a n t e f f e c t . 
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4 . 6 A S i n g l e ' T y p i c a l ' Gamma Ray I n i t i a t e d C a s c a d e 
I n j e c t e d a t 2 0 ° . 
A s i n g l e 1000 GeV c a s c a d e was p r o d u c e d u s i n g an i n j e c t i o n 
a n g l e of 2 0 ° t o g i v e an i n d i c a t i o n of t h e v a r i a t i o n of shower 
c h a r a c t e r i s t i c s b e t w e e n 1 0 ° and 3 5 ° , t h e l a c k of c o m p u t i n g t i m e 
p r e c l u d i n g t h e p r o d u c t i o n of a f u l l s e t of 20 s h o w e r s . The c a s c a d e 
s e l e c t e d was t h e one t h a t most c l o s e l y r e s e m b l e d t h e ' a v e r a g e ' 
s h o w e r of t h e d a t a s e t a t o t h e r i n j e c t i o n a n g l e s , a l t h o u g h i t was 
not p o s s i b l e t o f i n d one w h i c h was t r u l y r e p r e s e n t a t i v e i n a l l 
r e s p e c t s . 
The a n a l y s e s d e s c r i b e d i n s e c t i o n s 4 . 5 . 2 to 4 . 5 . 6 were 
r e p e a t e d f o r t h i s i n d i v i d u a l 2 0 ° s i m u l a t e d s h o w e r . The r e s u l t s 
s u p p o r t t h e p r e v i o u s o n e s , d i s p l a y i n g s i m i l a r t r e n d s , but t h e i r 
u s e f u l n e s i s l i m i t e d owing t o t h e i r poor s t a t i s t i c a l v a l u e . F u t u r e 
p l a n s i n c l u d e t h e p r o d u c t i o n of a f u l l s e t of 2 0 ° c a s c a d e s . 
4 . 7 C o n c l u s i o n s . 
The most o u t s t a n d i n g f e a t u r e of t h e s i m u l a t i o n r e s u l t s i s t h e 
i n s i g h t i n t o t h e d e p e n d e n c e of t h e t e l e s c o p e r e s p o n s e on 
o b s e r v a t i o n t h r e s h o l d . F i g u r e 4 . 7 i l l u s t r a t e s t h i s , s h o w i n g t h a t 
w i t h a s u f f i c i e n t l y low d e t e c t i o n t h r e s h o l d , w o r t h w h i l e 
m e a s u r e m e n t s c o u l d be made a t much g r e a t e r z e n i t h a n g l e s t h a n 
p r e v i o u s l y t h o u g h t , a n d , i n t h e c a s e of t h e l o w e s t t h r e s h o l d s , t h e 
c o u n t r a t e may be e x p e c t e d t o a c t u a l l y i n c r e a s e w i t h z e n i t h a n g l e . 
R e l a t e d t o t h i s i s t h e u n e x p e c t e d l y h i g h l e v e l of 
m u l t i p l e - f o l d r e s p o n s e s ( f o r w h i c h f a s t t i m i n g t e c h n i q u e s would 
o b t a i n ) a t low t h r e s h o l d s , p a r t i c u l a r l y a t t h e g r e a t e s t z e n i t h 
a n g l e , where t h e y c o n s t i t u t e 60V: of t h e s i g n a l ( F i g u r e 4 . 1 1 c ) . 
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T h i s c l e a r l y h a s i m p o r t a n t i m p l i c a t i o n s f o r an i n c r e a s e d y i e l d of 
any f a s t - t i m i n g a n a l y s i s . 
The i m p r o v e m e n t i n our u n d e r s t a n d i n g of t h e b e h a v i o u r of 
a p e r t u r e f u n c t i o n s i s a l s o h i g h l y s i g n i f i c a n t . F o r a s y s t e m w i t h a 
g e o m e t r i c a p e r t u r e of 1 . 7 ° and a t h r e s h o l d i n t h e r a n g e 7 0 - 1 0 0 
p h o t o n s m - z ( a s s e e m s a p p r o p r i a t e f o r t h e Dugway t e l e s c o p e s ) , t h e 
e f f e c t i v e a p e r t u r e h a s v a l u e s of 2 . 5 ° FWHM f o r 6 = 0 ° , i n c r e a s i n g to 
2 . 6 ° FWHM a t 1 0 ° z e n i t h a n g l e and d e v e l o p i n g an o f f - a x i s peak 
r e s p o n s e a t 3 5 ° . I f t r u e , t h i s l a t t e r f a c t would s u g g e s t t h a t f o r 
o b s e r v a t i o n a t l a r g e z e n i t h a n g l e s (> M O 0 ) , a s o u r c e may a p p e a r a s 
an e x c e s s i n c o u n t r a t e b e f o r e and a f t e r t r a n s i t t h r o u g h t h e c e n t r e 
of t h e f i e l d of v i e w . 
Wi th a much l o w e r o b s e r v a t i o n t h r e s h o l d ( M 0 p h o t o n s m" 2 ) , 
t h e a p e r t u r e would be e x p e c t e d t o r e d u c e i n w i d t h w i t h i n c r e a s i n g 
z e n i t h a n g l e ( 2 . 6 ° , 2 . 3 ° and 2 . 1 ° f o r z e n i t h a n g l e s of 0 ° , 1 0 ° and 
3 5 ° r e s p e c t i v e l y ) , g i v i n g r i s e t o an i m p r o v e m e n t i n t h e S / N r a t i o . 
The e v i d e n c e f o r i m p r o v e m e n t due t o a n a r r o w i n g of t h e a p e r t u r e h a s 
a l r e a d y been n o t e d i n t h e a n a l y s i s of d a t a r e c o r d e d on t h e C r a b 
p u l s a r , w i t h t h e o b s e r v e d e n h a n c e m e n t of a p o s i t i v e e f f e c t when 
c o n s i d e r i n g o n l y t w o f o l d r e s p o n s e s a s o p p o s e d t o b r o a d e r a p e r t u r e 
o n e f o l d s ( D o w t h w a i t e e t a i , 1 9 8 4 a ) . 
S i n c e t h e e n e r g y t h r e s h o l d s of t h e Dugway t e l e s c o p e s a r e 
above MOOO G e V , s i m u l a t e d c a s c a d e s a t h i g h e r e n e r g i e s , s a y "3000 
GeV, wou ld p r o v e u s e f u l . I t may p r o v e p o s s i b l e t o p r o d u c e some 
s h o w e r s t h e s e e n e r g i e s i n t h e f u t u r e , and t h i s would e n h a n c e t h e 
v a l u e of t h e c o n c l u s i o n s b a s e d on s i m u l a t i o n s . 
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CHAPTER 5 . 
S IMULATION OF THE RESPONSE OF THE WHIPPLE OBSERVATORY CAMERA. 
A p r o j e c t h a s been u n d e r w a y s i n c e 1982 to u s e t h e 10 m 
d i a m e t e r o p t i c a l r e f l e c t o r a t t h e F r e d W h i p p l e O b s e r v a t o r y (FWO), 
a t Mount H o p k i n s i n A r i z o n a , t o r e c o r d t w o - d i m e n s i o n a l C e r e n k o v 
l i g h t i m a g e s -from s m a l l E A S . The t e c h n i q u e employed was - f i r s t 
s u g g e s t e d by Weekes and T u r v e r (Weekes and T u r v e r , 1 9 7 7 ) , and t h e 
p r e l i m i n a r y d e s i g n and e x p e c t e d p e r f o r m a n c e of a c a m e r a b a s e d on 
t h e 10 m r e f l e c t o r was d e s c r i b e d by Weekes i n 1981 ( W e e k e s , 1 9 8 1 ) . 
The p o t e n t i a l u s e of t h e i m a g i n g t e c h n i q u e l i e s i n t h e 
d e t e r m i n a t i o n of t h e a r r i v a l d i r e c t i o n of t h e p r i m a r y gamma r a y or 
p r o t o n f rom an a n a l y s i s of t h e i s o p h o t a l c o n t o u r s of t h e l i g h t s p o t 
formed on t h e c a m e r a . The e n e r g y of t h e p r i m a r y c o u l d be e s t i m a t e d 
by i n t e g r a t i n g t h e t o t a l l i g h t i n t h e shower i m a g e . The a c c u r a c y of 
t h e t e c h n i q u e w i l l be l i m i t e d by f l u c t u a t i o n s i n EAS d e v e l o p m e n t . 
T h i s i s a c o l l a b o r a t i o n i n v o l v i n g w o r k e r s f rom s i x c e n t r e s . 
One of t h e s e , t h e S m i t h s o n i a n A s t r o p h y s i c a l O b s e r v a t o r y , h a s 
a l r e a d y been m e n t i o n e d a s t h e s i t e of t h e o b s e r v a t i o n s . The c a m e r a 
e l e c t r o n i c s i s p r o v i d e d by a group a t U n i v e r s i t y C o l l e g e , D u b l i n . 
The i m a g i n g a n a l y s i s i s c o n t r i b u t e d to by g r o u p s f rom t h e 
U n i v e r s i t y of H a w a i i , Iowa S t a t e U n i v e r s i t y and t h e U n i v e r s i t y of 
Hong K o n g . The U n i v e r s i t y of Durham c o n t r i b u t i o n c o n s i s t s of 
c o m p u t e r s i m u l a t i o n s of t h e r e s p o n s e of t h e c a m e r a , w h i c h a r e t h e 
s u b j e c t of t h i s c h a p t e r . To b e g i n w i t h , h o w e v e r , t h e c a m e r a w i l l be 
d e s c r i b e d b r i e f l y . 
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5 . 1 The C a m e r a D e s c r i p t i o n . 
The c a m e r a c o m p r i s e s an a r r a y of 2" d i a m e t e r PMTs mounted i n 
t h e f o c a l p l a n e of . a l a r g e (10 m d i a m e t e r ) r e f l e c t o r w h i c h i s 
mounted on a c o m p u t e r - c o n t r o l l e d a l t - a z i m u t h p l a t f o r m . 
The 10 m r e f l e c t o r c o m p r i s e s 248 h e x a g o n a l , g r o u n d - g l a s s 
e l e m e n t s , e a c h 1 cm t h i c k and 60 cm i n d i a m e t e r . T h e s e a r e 
f r o n t - a l u m i n i s e d w i t h a s i l i c o n d i o x i d e o v e r c o a t i n g , g i v i n g a 
c o l l e c t i n g a r e a of a p p r o x i m a t e l y 75 m 2 . The f o c a l l e n g t h i s 7 . 3 nt. 
The c a m e r a h e a d c o n s i s t s of 37 p i x e l s (RCA 4518 PMTs) 
a r r a n g e d a s i n d i c a t e d i n F i g u r e 5 .1 ( t h e d i a g r a m shows an e x t r a 
r i n g of PMTs a s c o n s i d e r e d i n t h e s i m u l a t i o n s , making a t o t a l of 
6 1 ) , w i t h 0 . 5 ° b e t w e e n t h e c e n t r e s . The f u l l f i e l d of v i e w of t h e 
c a m e r a i s 3 . 5 ° . 
The c a m e r a e m p l o y s f a s t p u l s e a m p l i f i e r s and t r i g g e r s ( L e C r o y 
M V L 1 0 0 ) , w i t h f a s t c o i n c i d e n c e and m a s t e r t r i g g e r g e n e r a t i o n . The 
p u l s e h e i g h t s a r e r e c o r d e d w i t h QTC u n i t s , b a s e d on t h e Dugway 
e x p e r i m e n t , w i t h 8 b i t r e s o l u t i o n . R e l a t i v e t i m e i s kep t w i t h a 
r e s o l u t i o n of 1 f / s , and a b s o l u t e t i m e t o + 0 . 0 5 ms. I n d i v i d u a l 
c h a n n e l s a r e m o n i t o r e d by r a t e m e t e r , w i t h r a t e s s e t a t be tween 0 .1 
and 1 k H z . 
5 . 2 O p e r a t i o n of t h e C a m e r a . 
A r a n g e of s e l e c t i o n r e q u i r e m e n t s h a v e been e m p l o y e d . 
I n i t i a l l y t h e s y s t e m i s t r i g g e r e d when 3 or more of t h e i n n e r 7 
PMTs r e g i s t e r a c o i n c i d e n c e ; when t h i s h a p p e n s t h e s i g n a l s f rom a l l 
p i x e l s of t h e c a m e r a a r e r e c o r d e d . 
D u r i n g a t r i a l p e r i o d i n 1 9 8 2 - 1 9 8 3 , u s i n g o n l y 200 m i r r o r s on 
t h e r e f l e c t o r , whose a v e r a g e r e f l e c t i v i t y was 35'/., t h e shower 
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Figure 5.1 The FWO Imaging Camera Head, as Used in the Simulations. 
d e t e c t i o n r a t e a t t h e z e n i t h was 1-2 Hz . Wi th a f u l l complement of 
n e w l y c o a t e d m i r r o r s a f i v e f o l d improvement on t h i s may be 
e x p e c t e d . 
5 . 3 The S i m u l a t i o n P r o g r a m . 
The p r o g r a m u s e d t o s i m u l a t e t h e r e s p o n s e of t h e FWO c a m e r a 
i s i d e n t i c a l t o t h a t d e s c r i b e d i n t h e p r e c e e d i n g c h a p t e r f o r t h e 
Dugway c a l c u l a t i o n s , w i t h d i f f e r e n t b i n n i n g r o u t i n e s e m p l o y e d . The 
a im was t o p r o v i d e a g u i d e t o t h e i n t e r p r e t a t i o n of e x p e r i m e n t a l 
r e s u l t s and t o a i d t h e d e v e l o p m e n t of image a n a l y s i s r o u t i n e s t o 
e n h a n c e t h e d e t e c t i o n of gamma r a y i n i t i a t e d Cer .enkov l i g h t 
f l a s h e s . 
5 . 3 . 1 The B i n n i n g R o u t i n e s . 
F o r t h e s e s i m u l a t i o n s 41 d e t e c t o r s of t h e FWO t y p e were 
i n c l u d e d i n a c r u c i f o r m p a t t e r n , c e n t r e d on t h e p o s i t i o n of c o r e 
i m p a c t ( 0 , 0 ) a s shown i n F i g u r e 5 . 2 . T h e s e were p o s i t i o n e d a t 
i n t e r v a l s of 25 m out t o 250 m a l o n g n o r t h , s o u t h , w e s t and e a s t 
d i r e c t i o n s , s o t h a t t h e v a r i a t i o n of t h e s i z e and s h a p e of t h e 
C e r e n k o v l i g h t image w i t h d i s t a n c e and d i r e c t i o n f rom t h e o r i g i n 
c o u l d be i n v e s t i g a t e d . 
E a c h d e t e c t o r i n t h i s m a t r i x had a c a m e r a head c o m p r i s i n g 61 
p i x e l s , a r r a n g e d a s i l l u s t r a t e d i n F i g u r e 5 . 1 . The a r r a n g e m e n t i s 
i d e n t i c a l t o t h a t u s e d i n t h e r e a l c a m e r a , w i t h t h e a d d i t i o n of an 
e x t r a r i n g of PMTs t o p r o v i d e f u r t h e r i n f o r m a t i o n to a i d t h e 






















Figure 5.2 Binning Matrix. 
5 . 4 The W h i p p l e O b s e r v a t o r y S i m u l a t i o n D a t a b a s e . 
Gamma r a y i n i t i a t e d s h o w e r s were s i m u l a t e d f o r v e r t i c a l l y 
i n c i d e n t gamma r a y s a t t h r e e e n e r g i e s , t h e s e b e i n g 100 GeV, 300 GeV 
and 1000 GeV; t h e e s t i m a t e d t h r e s h o l d of t h e f u l l y e f f i c i e n t c a m e r a 
l i e s w i t h i n t h i s r a n g e . A summary of t h e c a l c u l a t e d c a s c a d e s i s 
g i v e n i n T a b l e 5 . 1 . 
As f o r t h e Dugway s i m u l a t i o n s , t h e i n f o r m a t i o n r e c o r d e d f a l l s 
i n t o t h r e e main c a t e g o r i e s , t h e f i r s t two b e i n g common to both s e t s 
of c a l c u l a t i o n s ; t h e s e were d e s c r i b e d i n C h a p t e r 4 ( s e c t i o n 4 . 4 . 1 ) . 
The i n i t i a l p a r a m e t e r s u s e d i n t h e Mount H o p k i n s c a l c u l a t i o n s a r e 
s u m m a r i s e d i n T a b l e 5 . 2 . 
The t h i r d c a t e g o r y h e r e c o n s i s t s of t h e computed r e s p o n s e of 
t h e FWO c a m e r a , i n u n i t s of p h o t o - e l e c t r o n s i r r 2 , a s a f u n c t i o n of 
d i s p l a c e m e n t and d i r e c t i o n f rom t h e p o i n t ( 0 , 0 ) . T h i s f o r m s t h e 
main d a t a b a s e f o r a n a l y s i s . 
I n a d d i t i o n , s o f t w a r e was w r i t t e n to p e r f o r m a n a l y s e s of t h e 
i m a g e s of t h e t y p e d e s c r i b e d i n s e c t i o n 5 . 5 . 
5 . 4 . 1 The R e s p o n s e of t h e A r r a y of I m a g i n g C a m e r a s . 
S i n c e t h e c o m p u t e r c o d e employed f o r t h e e l e c t r o n - p h o t o n 
c a s c a d e was e s s e n t i a l l y i d e n t i c a l , t h e FWO s i m u l a t e d s h o w e r s s h a r e 
t h e same g e n e r a l c h a r a c t e r i s t i c s a s t h e Dugway o n e s , a s d e s c r i b e d 
i n C h a p t e r 4 ( s e c t i o n 4 . 5 . 1 ) . 
An e x a m p l e of t h e o u t p u t from a 1000 GeV shower i s g i v e n i n 
F i g u r e s 5 . 3 a , b , c , d and e . T h e s e show t h e r e s p o n s e of e a c h p i x e l i n 
t h e c a m e r a h e a d ( i n p h o t o - e l e c t r o n s m~ 2 ) f o r c a m e r a s p o s i t i o n e d a t 
( 0 , 0 ) and a t d i s t a n c e s of 100 m from t h i s p o i n t a l o n g a l l f o u r 
a x e s . D e t a i l e d a n a l y s i s of t h e s e r e s u l t s w i l l not be g i v e n h e r e , 
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T a b l e 5 .1 
E n e r g y ( G e V ) I n j e c t i o n No. of 
A n g l e ( Z e n ) E v e n t s 
1000 0 30 
300 0 25 
100 0 25 
T a b l e 5 . 2 
P r i m a r y gamma r a y e n e r g y = 1 0 0 0 , 3 0 0 , 100 GeV 
I n j e c t i o n a n g l e Z e n i t h = 0 . 0 ° 
A z i m u t h = 0 . 0 ° 
I n j e c t i o n a l t i t u d e = 29600 m a . s . 1. 
O b s e r v a t i o n a l t i t u d e = 2134 m a . s . 1 . (FWD) 
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but i t i s n o t e d t h a t , a s e x p e c t e d -from t h e c a l c u l a t i o n s -for t h e 
Dugway e x p e r i m e n t , t h e peak r e c o r d e d pho ton d e n s i t y d o e s not 
g e n e r a l l y o c c u r a t ( 0 , 0 ) . E x a m p l e s of o b s e r v e d r e s p o n s e s t o r e a l 
s h o w e r s a r e p r e s e n t e d i n F i g u r e s 5 . 4 a and b f o r c o m p a r i s o n ( W e e k e s , 
1 9 8 4 , p r i v a t e c o m m u n i c a t i o n ) . 
The main d i f f e r e n c e be tween t h e i m a g e s p r o d u c e d by r e a l and 
s i m u l a t e d s h o w e r s i s t h a t t h e f o r m e r g e n e r a l l y h a v e a b r o a d e r 
a n g u l a r d i s t r i b u t i o n of l i g h t t h a n t h e l a t t e r , w i t h o n l y "17. 
d i s p l a y i n g t h e " t i g h t n e s s " of t h e c a l c u l a t e d c a s c a d e s . T h i s i s 
c u r r e n t l y u n d e r i n v e s t i g a t i o n , but one p o s s i b l e e x p l a n a t i o n i s t h a t 
s i n c e o v e r 99'/. of t h e d a t a w i l l be t h e r e s u l t of p r o t o n i n i t i a t e d 
c a s c a d e s i t may be t h e s e w h i c h a r e g i v i n g r i s e t o t h e b r o a d e r 
i m a g e s , t h e t i g h t e r o n e s b e i n g of gamma r a y o r i g i n . 
5 . 5 Gamma Ray I m a g i n g A n a l y s i s . 
D a t a a n a l y s i s r o u t i n e s , i n c l u d i n g t h a t d e v e l o p e d by S t e n g e r 
a t t h e U n i v e r s i t y of H a w a i i ( p r i v a t e c o m m u n i c a t i o n ) , h a v e been 
e s t a b l i s h e d a t a number of c o l l a b o r a t i n g i n s t i t u t i o n s . I t i s 
i m p o r t a n t t o s u b j e c t t h e s i m u l a t e d s h o w e r s to t h e same a n a l y s i s a s 
r e a l d a t a and t h e H a w a i i a n a p p r o a c h h a s been f o l l o w e d h e r e . P o r t e r 
( p r i v a t e c o m m u n i c a t i o n ) i s a l s o a n a l y s i n g t h e s i m u l a t i o n s i n t h e 
same way a s " d a t a i n p u t " u s i n g t h e f i t t i n g r o u t i n e s d e v e l o p e d a t 
U n i v e r s i t y C o l l e g e , D u b l i n . 
To d a t e l i t t l e s u c c e s s i n e m p l o y i n g an a n a l y s i s of e i t h e r 
s i m u l a t e d or g e n u i n e i m a g e s to e n h a n c e t h e d e t e c t i o n of gamma r a y s 
h a s been r e p o r t e d . A p o s s i b l e c a u s e f o r t h e f a i l u r e to i m p r o v e t h e 
S / N r a t i o , s u g g e s t e d by t h e computer s i m u l a t i o n s , i s t h e 
u n c e r t a i n t y of + ^ 0 . 5 ° i n t h e d i f f e r e n c e be tween t h e p r i m a r y gamma 
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Figure 5.4a Observed Response of Imaging Camera to 
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Figure 5.4b 
r a y d i r e c t i o n and t h a t of t h e d e t e c t e d C e r e n k o v l i g h t c a s c a d e . The 
e x i s t e n c e of t h i s j i t t e r on any d i r e c t i o n d e r i v e d -from an a n a l y s i s 
of t h e e l l i p t i c i t y of t h e image l i m i t s t h e S / N r a t i o improvement 
p o s s i b l e . 
The o r i g i n of t h e j i t t e r i s a t p r e s e n t unknown, but i t seems 
l i k e l y t h a t i t a r i s e s n e a r t h e b e g i n n i n g of t h e c a s c a d e 
d e v e l o p m e n t . F o r e x a m p l e , i t may be due to e a r l y d e f l e c t i o n s of 
e l e c t r o n s and p o s i t r o n s by t h e E a r t h ' s g e o m a g n e t i c f i e l d . R e c e n t 
s i m u l a t i o n s of 300 GeV s h o w e r s h a v e been o b t a i n e d w i t h t h i s f i e l d 
" s w i t c h e d o f f " ; t h e s e h a v e p r o d u c e d t i g h t e r i m a g e s of t h e C e r e n k o v 
l i g h t w i t h l e s s j i t t e r t h a n b e f o r e . T h i s s u g g e s t s t h a t t h e e f f e c t 
of t h e g e o m a g n e t i c f i e l d i s bu t a minor p a r t of t h e c a u s e of t h e 
p r e d i c t e d j i t t e r . 
5 . 5 . 1 Image R e c o n s t r u c t i o n . 
The f i r s t s t e p i n t h e image r e c o n s t r u c t i o n p r o c e s s i s to 
d e t e r m i n e t h e c e n t r o i d and s h o w e r a x i s f rom t h e PMT o u t p u t s . I n t h e 
f o l l o w i n g t r e a t m e n t o u t l i n e d by S t e n g e r ( p r i v a t e c o m m u n i c a t i o n ) 
e q u a t i o n s Xi and Y t a r e t h e c o o r d i n a t e s i n d e g r e e s of F'MTi, w i t h 
t h e c e n t r a l PMT s i t u a t e d a t t h e o r i g i n , and n i i s i t s o u t p u t i n 
p h o t o - e l e c t r o n s . The c o o r d i n a t e s of t h e c e n t r o i d ( X C , Y C ) a r e 
j _ Z n i Xi 
N 
( 5 . 1) 
j _ E n i Yj 
N 
( 5 . 2 ) 
where 
N En r . 
83 
H a v i n g c a l c u l a t e d t h e c e n t r o i d p o s i t i o n , t h e c o o r d i n a t e s a r e 
t r a n s l a t e d t o a f r a m e of r e f e r e n c e w i t h t h e o r i g i n a t t h i s p o s i t i o n 
( F i g u r e 5 . 5 ) . 
U s i n g t h e s e new c o o r d i n a t e s ( x , y ) , t h e p r i n c i p l e a x i s (OX") 
i s d e f i n e d by 
6 = 1 a t a n ( 2 I w y ) ( 5 . 3 ) 
? I - I 
i. 1 y y i M K 
w h e r e 
I K X = Z n i X i 2 ( 5 . 4 ) 
I v y = Z n i y j 2 ( 5 . 5 ) 
I K y = - E n i X i y j . ( 5 . 6 ) 
and a f u r t h e r c o o r d i n a t e t r a n s f o r m a t i o n i s made; t h e a x i s Qx i s 
r o t a t e d s o t h a t i t l i e s a l o n g OX" . The shower d i r e c t i o n c a n be 
e i t h e r a l o n g O X " , a s shown i n F i g u r e 5 . 5 , or a t r i g h t a n g l e s to i t . 
In o r d e r t o e s t a b l i s h w h i c h i s t h e c a s e , t h e s e c o n d moments a r e . 
c a l c u l a t e d : 
T ' H H = Z n , ( x , " ) 2 ( 5 . 7 ) 
I " y y = E n j < y t " ) 2 ( 5 . 8 ) 
I f I " y y > I"K><, t h e shower a x i s i s t a k e n t o be a l o n g QY". 
F i n a l l y t h e s h o w e r c o o r d i n a t e s y s t e m ( x ' , y ' ) i s d e f i n e d so t h a t t h e 
p o s i t i v e x ' d i r e c t i o n i s a l o n g t h e shower a x i s , i n t h e d i r e c t i o n of 
t h e l o n g e r t a i l ; t h i s i s d e t e r m i n e d by c h o o s i n g t h e s e n s e of x ' so 


















/ ' X y y y 
[X C ,Y C] 
Figure 5.5 Frames of Reference Used in Image Analysis. 
I ' K K H = Z n i ( X i ' ) 3 ( 5 . 9 ) 
i s p o s i t i v e . 
By t h i s s t a g e a r e a s o n a b l y good r e c o n s t r u c t i o n h a s been 
o b t a i n e d . F u r t h e r s o f t w a r e e x i s t s t o i m p r o v e t h e r e c o n s t r u c t e d 
i m a g e , i n t h e form of l e a s t s q u a r e s f i t t i n g r o u t i n e s , i f r e q u i r e d . 
An e x a m p l e of t h e r e s u l t s of u s i n g t h i s image r e c o n s t r u c t i o n 
r o u t i n e i s g i v e n i n F i g u r e 5 . 6 . T h i s shows t h e image p r o d u c e d by a 
s i m u l a t e d 1000 GeV s h o w e r , w i t h u n i t s of d e g r e e s a l o n g t h e a x e s , 
and F'MT r e s p o n s e s g i v e n i n p h o t o - e l e c t r o n s . 
5 . 5 . 2 Image A n a l y s i s by t h e U n i v e r s i t y of Hong Kong G r o u p . 
P . K . MacKeown of t h e U n i v e r s i t y of Hong Kong h a s c o n d u c t e d an 
a n a l y s i s of t h e s i m u l a t i o n r e s u l t s ( p r i v a t e c o m m u n i c a t i o n ) , and a 
summary of t h e i m p o r t a n t c o n c l u s i o n s i s p r e s e n t e d h e r e . In t h i s 
work i t was a s s u m e d t h a t o n l y t h e c e n t r a l 19 PMTs were f u n c t i o n i n g 
i n l i n e w i t h t h e i n i t i a l s t a t e of t h e c a m e r a . In a d d i t i o n , i n o r d e r 
f o r t h e c a m e r a t o be c o n s i d e r e d t o h a v e t r i g g e r e d , i t was r e q u i r e d 
t h a t a t l e a s t 3 of t h e c e n t r a l 7 PMTs e a c h d e t e c t >10 
p h o t o - e l e c t r o n s . 
In F i g u r e 5 . 7 t h e v a r i a t i o n of t h e d i p 1 a c e m e n t of t h e 
c e n t r o i d of t h e r e c o n s t r u c t e d image f rom t h e c e n t r e of t h e c a m e r a 
w i t h c o r e d i s t a n c e ( R C o r « ) i s p l o t t e d and i n d i c a t e s t h a t t h e most 
c e n t r a l i m a g e s a r e o b t a i n e d f o r v a l u e s of R C D r e a r o u n d 50 m. 
C o n s i s t e n t w i t h t h i s i s t h e p l o t i n F i g u r e 5 . 8 of t o t a l r e c o r d e d 
photon d e n s i t y a s a f u n c t i o n of R C o r « i w h i c h p e a k s a t 100 m. 
A m e a s u r e of t h e a n g u l a r s p r e a d of t h e image i s o b t a i n e d by 





CHISQ 0 ,00 
XO - 0 . 2 5 
YO - 0 . 5 8 
PEAK 88 .00 
WIDTH 0 .71 
LENGTH 0.86 
AXIS 3 5 1 . 0 4 
POWER 3 .00 
ENERGY 7 1 8 . 5 3 . 
ZENITH 0 .63 
AZ IMUTH 3 5 1 . 0 3 
ASPECT 104 .28 
IMPACT 0.61 
Figure 5.6 Reconstructed Image of Simulated Shower. 
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Figure 5.8 Variation of Image Size with Core Distance. 
to t h a t of t h e o u t e r 1 2 . The d e p e n d e n c e of t h i s q u a n t i t y on R e e , r . 
h a s been p l o t t e d i n F i g u r e 5 . 9 , f rom w h i c h i t may be s e e n t h a t i n 
g e n e r a l t h e b r o a d e s t d i s t r i b u t i o n s o c c u r f o r t h e s m a l l e s t v a l u e s of 
R c o r . j t h e r e i s a m o d u l a t i o n i n t h i s p l o t owing to t h e c e n t r o i d 
moving ou t a t l a r g e v a l u e s of R c o r , r e s u l t i n g i n l e s s l i g h t f a l l i n g 
on t h e i n n e r PMTs. 
F i n a l l y i n F i g u r e 5 . 1 0 t h e v a r i a t i o n of d e t e c t i o n e f f i c i e n c y 
i s p l o t t e d a g a i n s t R C O r » . The s t e a d y r e d u c t i o n of t h i s q u a n t i t y a s 
R c o r e i n c r e a s e s shows t h a t t r i g g e r i n g i s not j u s t a f u n c t i o n of t h e 
s i z e of t h e l i g h t p o o l , w h i c h m a x i m i s e s a t 100 m ( F i g u r e 5 . 8 ) but 
d e p e n d s on t h e p a t t e r n of l i g h t i n t h e c a m e r a . 
5 . 6 C o n c l u s i o n s . 
T h e r e i s s t i l l much work t o be done to u n d e r s t a n d f u l l y both 
t h e s i m u l a t i o n s a n d , i n t u r n , t h e r e a l d a t a . To t h i s end f u r t h e r 
s i m u l a t i o n s a r e b e i n g p r o d u c e d . I n c l u d e d i n t h e s e a r e c a l c u l a t i o n s 
e m p l o y i n g t h e same b a s i c a r r a n g e m e n t of t h e c a m e r a head but w i t h 
t h e s c a l e h a l v e d , t o g i v e PMT a p e r t u r e s of 0 . 2 ° , i n o r d e r to o b t a i n 
more d e t a i l e d i n f o r m a t i o n on t h e a n g u l a r d i s t r i b u t i o n of l i g h t . 
One i m p o r t a n t d i f f e r e n c e b e t w e e n c a l c u l a t e d and r e a l s h o w e r s 
i s i n t h e a n g u l a r s p r e a d of t h e i m a g e , w i t h t h e . 1 a t t e r . t e n d i n g to 
h a v e b r o a d e r i m a g e s t h a n t h e f o r m e r ( W e e k e s , 1984 , p r i v a t e 
c o m m u n i c a t i o n ) . One p o s s i b l e e x p l a n a t i o n b a s e d on t h e d i f f e r e n t 
shower d e v e l o p m e n t s of p r o t o n s and gamma r a y s was g i v e n e a r l i e r . 
C l e a r l y p r o t o n i n i t i a t e d s i m u l a t e d c a s c a d e s a r e d e s i r a b l e , s i n c e i f 
t h e y do p r o v e t o be b r o a d e r t h a n t h e gamma r a y ones i t may be a 
v e r y u s e f u l p a r a m e t e r t o u s e to d i s t i n g u i s h between gamma r a y s and 
CR. 
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Figure 5.9 Variation of Angular Spread of Image with Core 
Distance. 
core 
Figure 5.10 Variation of Detection Efficiency with Core Distance. 
I t has become c lear f rom these s imula t ions that determinat ion 
of an accurate gamma ray d i r e c t i o n from the shape and p o s i t i o n of 
the image on the camera would not be expected to be success fu l . The 
peak s igna l g e n e r a l l y i s not p red ic t ed to occur at the core impact 
p o s i t i o n , but d isp laced from i t i n a random d i r e c t i o n , and the 
images themselves appear to be o f f s e t from the gamma ray d i r e c t i o n 
by t y p i c a l l y 0 . 5 ° , again i n a random manner. Thus any p a r t i c u l a r 
image may be formed from a whole range of combinations of o f f s e t 
angle and core d i s t ance , and t h i s does not seem to be reso lvab le . 
However, the u l t i m a t e t e s t of the imaging technique i s the 
d e t e c t i o n of a source w i t h an enhanced s ignal s t rength a f t e r 
" c u t t i n g " the data according to s igna l a r r i v a l d i r e c t i o n data 
der ived f rom the image. 
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CHAPTER 6. 
THE ANALYSIS OF VHE GAMMA RAY DATA. 
An overview of the ana lys i s rou t ines developed f o r the data 
recorded by the Dugway f a c i l i t y are described i n t h i s chapter. As 
noted p r e v i o u s l y , the data are recorded on 9- t rack magnetic tape. 
Before ana ly s i s of the data there are two p r e l i m i n a r y operat ions to 
be c a r r i e d ou t . The f i r s t i s the t r a n s l a t i o n of the stored 
i n f o r m a t i o n i n t o a standard fo rma t , s ince , f o r reasons of 
e f f i c i e n c y the data are recorded in a compact fo rmat . The second 
step concerns the "look-ahead technique" described i n the f o l l o w i n g 
s e c t i o n . 
Subsequent sect ions describe the three p r i n c i p a l categories 
of data a n a l y s i s , which are count ra te a n a l y s i s , p e r i o d i c i t y 
searches, and f a s t t i m i n g ana lys i s to give w i t h i n f i e l d of view 
s e l e c t i o n . 
6 .1 The Look-Ahead Technique. 
In Chapter 3 ( sec t ion 3.11) an example of a t y p i c a l sec t ion 
of data was g iven , and reference was made to the f i r s t two numbers 
in a r e c o r d , n t and n 2 (Figure 3 .10 ) . These are labe ls which 
i n d i c a t e the type of data s t o r ed , ni r e f e r r i n g to the record held 
i n the cu r r en t l i n e , and n 2 to tha t i n the f o l l o w i n g l i n e ; t h i s 
l a b e l l i n g i s necessary since d i f f e r e n t types of record requi re 
d i f f e r i n g fo rma t s . These numbers are inse r t ed when the data i s 
unpacked i n t o the standard format to f a c i l i t a t e subsequent data 
a n a l y s i s . The code employed i s l i s t e d o v e r l e a f . 
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0 = housekeeping i n f o r m a t i o n 
1 = record of array response to Cerenkov s i g n a l , auto mode 
2 = record of array response to Cerenkov s i g n a l , SRQ mode 
3 = unas5igned 
4 = t ime at which housekeeping taken 
5 = detec tor p o i n t i n g d i r e c t i o n s 
6 = s t e e r i n g e r r o r s 
7 = s t a r t of source record 
8 = b lock ing i n f o r m a t i o n 
9 = s t a r t of source message 
10 = s t a r t of source t a rge t (R. A and DEC.) 
(The s t a r t of source record i n d i c a t e s which detectors are on 
l i n e , the source under obse rva t i on , and the A6C r a t i o implemented.) 
Thus when an ana lys i s program reads the data f i l e , these 
numbers are used to determine the format to be used. General ly , on 
the f i r s t occasion i n f o r m a t i o n i s read from the f i l e , j u s t these 
two in t ege r s are e x t r a c t e d . The program then recognises what types 
of record are contained i n the f i r s t and second l i n e s , and i s able 
to backspace and read the whole of the f i r s t l i n e w i th the cor rec t 
fo rmat . From tha t po in t on i t always knows what type of data the 
next l i n e w i l l c o n t a i n , and can choose the appropr ia te format wi th 
which to read i t . 
6.2 Count Rate A n a l y s i s . 
This i s c a r r i e d out r o u t i n e l y on a l l the data obtained. The 
steps invo lved are l i s t e d below. 
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1. The Cerenkov pulses recorded each n igh t are binned minute 
by minute. 
2. A v a r i a b l e width s l i d i n g average of the data binned in (1) 
i s taken . The usual width chosen i s 10 bins <10 minutes) . 
3. The averaged data produced by (2) i s p l o t t e d on a 10" 
p l o t t e r , to be used as a d i a r y -for the n i g h t ' s observa t ion . This i s 
annotated l a t e r w i t h re ference to the notes i n the observers ' log 
book. 
4. A search -for shor t (2-10 minute) burs ts of a c t i v i t y i s 
made using a maximum l i k e l i h o o d technique. 
These processes were combined i n t o a u s e r - f r i e n d l y package, 
described f u l l y i n sec t ion 6.5 and Appendix A. 
6 .2 .1 Minute by Minute B inn ing . 
A sec t ion of the binned data i s presented i n Figure 6 . 1 . The 
f i r s t number i s the time in seconds at which the 60 s bin begins; 
t h i s i s the t ime which has elapsed since the previous rese t , and 
can be converted i n t o absolute t ime . The second number i s the 
z e n i t h . p o i n t i n g d i r e c t i o n of the a r ray . The remaining columns 
i n d i c a t e the number of array responses of each type ocur r ing during 
tha t minute, the type of array response being def ined as f o l l o w s . 
Each type of array response i s coded wi th a number, N, which 
i n d i c a t e s which telescopes were t r i g g e r e d by the Cerenkov pulse. N 
can take values between 1 and 15, there being t h i s many possible 
array responses, and i s c a l cu l a t ed using the formula 
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Thus the value of N unambiguously i nd i ca t e s which detectors were 
t r i g g e r e d . 
6 .2 .2 The S l i d i n g Average. 
To i l l u s t r a t e the use of the d ia ry of the n i g h t ' s 
observa t ions a sec t ion of the p l o t t e r output i s presented in Figure 
6 .2 . The u n i t s of the v e r t i c a l ax i s are counts whi le those of the 
h o r i z o n t a l ax i s are minutes. 
There are e igh t q u a n t i t i e s p l o t t e d , these being the number of 
ar ray responses r e g i s t e r e d by each detector i n con junc t ion wi th any 
o the r , the number of t w o f o l d detector coincidences, the combined 
number of t h r e e f o l d and f o u r f o l d coincidences, the number of 
responses i n which detector 3 alone was t r i g g e r e d and the t o t a l 
count r a t e . (The reason f o r s e l e c t i n g detector 3 alone as one of 
the p l o t s i s tha t i t i s the most s e n s i t i v e detector and i s 
t h e r e f o r e the most l i k e l y to r e g i s t e r any e f f e c t . ) 
6 .2 .3 The Maximum L i k e l i h o o d Technique. 
The basic idea of the d r i f t scan technique i s to search the 
data f o r an excess i n counts dur ing a per iod when the detector was 
p o i n t i n g on-source by comparing wi th data recorded during an 
o f f - s o u r c e p e r i o d ; the "ON" and "OFF" periods should be recorded as 
close together i n time as poss ib l e . (Where appropr ia te , data 
recorded in the continuous t r a c k i n g mode may be t rea ted in a 
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•find a r e l i a b l e way of measuring any excess and assigning a l e v e l 
of s i g n i f i c a n c e to i t . 
This problem has been discussed in d e t a i l by Hearn (Hearn, 
1969) and O'Mongain (O'Mongain, 1973), who used a f u n c t i o n g i v i n g 
the r e l a t i v e l i k e l i h o o d (A) of an observed f l u c t u a t i o n being due to 
a source c o n t r i b u t i o n : 
A = maxC FMN/S) ] 
P(N/S=0) 
where the Ps are c o n d i t i o n a l p r o b a b i l i t i e s . This f u n c t i o n , however, 
r equ i r e s an exact knowledge of the background counting r a t e . When 
both the source and background ra tes are unknown, as they are here, 
a reasonable t e s t s t a t i s t i c to use ( O r f o r d , p r i v a t e communication) 
i s the maximum l i k e l i h o o d r a t i o , 1, given by 
1 = L m «„(N / S=0) (6.1) 
L m < . x ( N / S) 
where L i s the l i k e l i h o o d of observing N counts when the source 
s t r eng th i s S. The q u a n t i t y 1, t h e r e f o r e , corresponds to the 
p r o b a b i l i t y t ha t any observed e f f e c t i s simply a random f l u c t u a t i o n 
in the background noise . 
For a d r i f t scan equation (6.1) can be r e w r i t t e n as 
1 = C (N+B) 1 B [ a (N + B) ] N (6.2) 
N(l+a) B(l+a) 
where ' a ' i s the r a t i o of o f f - s o u r c e to on-source t ime , N i s the 
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number of counts observed on-source and fl. tha t observed o f f - s o u r c e . 
I t can be shown tha t the maximum l i k e l i h o o d estimate of the 
source s t r eng th S i s simply the observed excess (Batschelet , 1981, 
pp. 303-305, f o r example) given by the expression 
<S> = N-B (6.3) 
a 
and the e r r o r i n <S> i s obtained by r e l a x i n g the value of 1 to S+ 
and S- which have 1 a dev i a t i ons from <3>. 
The technique may also be appl ied to t r a c k i n g data i n order 
to search f o r short burs ts of a c t i v i t y by s l i d i n g a va r i ab l e width 
( t y p i c a l l y 2-10 minutes) "on-source" time through the data, and 
using the 10 minutes before and a f t e r t h i s as the "o f f - sou rce" 
t ime . 
General ly the technique gives s i m i l a r r e s u l t s to most current 
methods of t r e a t i n g t h i s problem f o r small excesses of s ignal over 
background, but f o r other cases i t i s more conservat ive in 
a s c r i b i n g the s i g n i f i c a n c e of detected s i g n a l s . 
6.3 P e r i o d i c i t y Ana lys i s . 
Data recorded dur ing observat ions of suspected or known 
pulsars i s subjected to searches f o r p e r i o d i c i t y . The f i r s t step in 
t h i s ana lys i s i s the t r a n s l a t i o n of the event times from the LAB 
frame of re ference i n t o tha t of the barycentre of the solar system. 
A b r i e f o u t l i n e of t h i s opera t ion i s given in the f o l l o w i n g 
s e c t i o n . 
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6 .3 .1 T r a n s l a t i o n of Event Times to the Barycentre . 
The frequency of a r r i v a l of pulses at a de tec tor i s a f f e c t e d 
by the v e l o c i t y of the observatory i n the d i r e c t i o n of the source, 
due to the Doppler e f f e c t . This depends on both the spin of the 
Earth and i t s o r b i t a l motion around the Sun. Therefore before the 
measured event a r r i v a l t imes may be subjected to searches f o r 
p e r i o d i c i t y t h i s e f f e c t must be cor rec ted f o r . The c o r r e c t i o n i s 
c a r r i e d out i n three stages. 
1; The event times are t r a n s l a t e d to a po in t at the centre of 
the Earth to remove the e f f e c t of i t s s p i n . This r equ i res accurate 
knowledge of the geographical coordinates of the Observatory. 
2. The second t r a n s l a t i o n i s to the Solar System barycentre 
which removes the e f f e c t of the Ea r th ' s o r b i t a l mot ion. For t h i s 
c o r r e c t i o n the absolute t ime of the measurement must be known 
p r e c i s e l y i n order to deduce the p o s i t i o n of the Earth i n i t s o r b i t 
around the Sun (Chapter 3, sec t ion 3 . 9 . 2 ) . 
3. The f i n a l c o r r e c t i o n i s to take i n t o account r e l a t i v i s t i c 
e f f e c t s on Earth-based c locks as the Earth o r b i t s the Sun. 
6 .3 .2 Searches f o r P e r i o d i c i t y . 
The absence of any r e l i a b l e l i g h t curves f o r observations at 
the high energies at which t h i s experiment operates makes i t 
impossible to search f o r p e r i o d i c i t i e s i n the data by the p r e f e r r e d 
method of c o r r e l a t i n g the s igna l a r r i v a l times wi th such curves. 
The procedure f o l l o w e d by other workers at these energies i s to 
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examine how the s igna l a r r i v a l times are d i s t r i b u t e d i n phase when 
unfolded w i t h a t r i a l p e r i od ; from Poincare 's theorem i t i s 
expected tha t a un i form phase d i s t r i b u t i o n w i l l be obtained i f 
there i s no p e r i o d i c i t y i n the data, tha t i s i f the pulse a r r i v a l 
times are pure ly random; t h i s i s the n u l l hypothes is . 
Normally a binned phase d i s t r i b u t i o n , i s . u sed , and t h i s i s 
tes ted f o r u n i f o r m i t y ( tha t i s , lack of p e r i o d i c i t y ) by searching 
f o r excesses in one or more bins us ing , f o r example, Pearson's X 2 
t e s t . This method of t e s t i n g the u n i f o r m i t y of the d i s t r i b u t i o n 
s u f f e r s from the f a c t tha t a r b i t r a r y choices have to be made wi th 
respect to the b i n n i n g , which can lead to i ncons i s t en t r e s u l t s . The 
t e s t f o r u n i f o r m i t y used in t h i s experiment i s the Rayleigh t e s t 
(Mardia, 1972), which avoids the problems caused by b i n n i n g , and 
t h i s i s described i n the f o l l o w i n g s e c t i o n . 
6 .5 .3 The Rayleigh Test f o r U n i f o r m i t y of a Phase 
D i s t r i b u t i o n . 
The Rayleigh t e s t i s wel l es tab l i shed as a measure of the 
u n i f o r m i t y of data obtained from measurements of c y c l i c phenomena 
(Ba tsche le t , 1981). I t s a p p l i c a t i o n i n t h i s experiment i s now 
descr ibed . 
Using a t r i a l per iod the phase of each s igna l a r r i v a l time i s 
c a l c u l a t e d and a vector of u n i t length i s assigned to each ( i n the 
absence of absolute phase i n f o r m a t i o n the phases may be ca lcu la ted 
r e l a t i v e to some a r b i t r a r y zero p o i n t , such as tha t of the f i r s t 
detected pulse i n the time s e r i e s ) . The r e s u l t a n t vec to r , R, i s 
c a l c u l a t e d , normalised to give a value between 0 and 1, and tes ted 
f o r s i g n i f i c a n c e . I f R d i f f e r s s i g n i f i c a n t l y from zero the n u l l 
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hypothesis (no p e r i o d i c i t y ) i s r e j e c t e d . 
In genera l , -for a p p l i c a t i o n s of the technique wi th sample 
sizes of 200 or less the vector R i s tes ted f o r s i g n i f i c a n c e using 
standard t ab les {ibid. p. 334) but f o r l a rge r samples, such as 
those obtained in t h i s experiment, the t e s t s t a t i s t i c 2NR2 i s used, 
where N i s the sample s i z e . 
The d e t a i l s of t h i s procedure are as f o l l o w s . 
1. The phase of each event t ime t t i s c a l c u l a t e d using 
8t = 27Tfti 
where f = 1/T. In the case of p e r i o d i c i t y changing wi th a known 
f i r s t and second d e r i v a t i v e t h i s i s modi f i ed t o 
e t = 2ir [ f t t + + 1 d 2 f t i 3 3 
2 dt 6 d t 2 
2. The r e s u l t a n t vec to r , R, i s c a l c u l a t e d using the equation 
R = ( C 2 + S 2 ) ° - = 
where 
C = 1_ 2 cos ( f l j ) 
n 
and 
S = l_l s in(t>i ) 
n 
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3. F i n a l l y , the p r o b a b i l i t y of the obtained value of nR(T) 2 
occur r ing by chance i s c a l cu l a t ed e i t h e r from the X 2 d i s t r i b u t i o n 
f o r 2 degrees of freedom, which i s e x p ( - n R 2 ) , or more accura te ly : 
Prob.(nR 2 >k) = e~k [ 1 + (2k+k 2 ) - (24k-132k 2 + 76k 3 -9k < , > 3 
4n 228n 2 
6.3 .4 Checking the Technique. 
This procedure f o r searching f o r p e r o d i c i t y i n the data has 
been tes ted using a pseudD-random time ser ies (wi th a randomly 
i n j e c t e d p e r i o d i c component) corresponding to a de tec t ion system 
w i t h a count r a t e of "MS m i n u t e - 1 ; the p e r i o d i c component, when 
present , was at a l e v e l of 87. of the t o t a l s i g n a l . The r e s u l t s are 
presented i n Figure 6.3 (Gibson et a l , 1982a) where the p r o b a b i l i t y 
of no p e r i o d i c i t y i s p l o t t e d as a f u n c t i o n of t r i a l per iod 
(sweeping around the expected per iod i n t h i s way i s a sa fe ty 
measure to check f o r a p e r i o d i c s igna l occur r ing in only part of 
the data , or f o r e r ro r s i n the ephemeris or i t s a p p l i c a t i o n ) . In 
the f i r s t case ( [ a ] ) the p e r i o d i c s ignal was present throughout 
the sample, and the recovered p e r i o d i c i t y i s the cor rec t one. In 
the second example ( [ b ] ) the pe r iod i c component i s only present 
dur ing the f i r s t 10"/. of the sample, r e s u l t i n g in the recovery of a 
per iod which i s d isplaced from tha t expected by "1 sampling 
i n t e r v a l . 
6.4 Fast Timing Ana lys i s . 
Fo l lowing the de tec t ion of an event 
de tec tors i n the a r ray , the d i r e c t i o n of 
c a l c u l a t e d from the r e l a t i v e times of a r r i v a l 
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by three or more 
the source may be 
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as - fo l lows . 
Consider three de tec tors at p o s i t i o n s < x 0,yo,Zo), ( K i , y i , Z i ) 
and ( X a , y 2 , z 2 ) r e c e i v i n g a pulse at t imes t 0 , t i and t 2 
r e s p e c t i v e l y . From simple geometry i t can be shown t h a t : 
cTi = Z i C O s S + s i n f l (Y iC05$> + X t s i n ) 
where 
T i = = ( t , - to> 
X, = = (x , - X 0) 
Yi •• = <y t - yo> 
Zi = - Zo) 
and 9 and $ are zen i th and azimuth d i r e c t i o n s r e s p e c t i v e l y . 
Thus i t i s poss ib le to w r i t e down two simultaneous equat ions, 
f o r the cases i = l and i = 2 , which when solved y i e l d the f o l l o w i n g 
equations f o r 9 and <p: 
cos z e [ ( Y i Z a - Y s Z , ) 2 + ( X 2 Y » - X , Y 2 ) 2 + ( X 1 Z 2 - X 2 Z , ) 2 ] 
+ 2ccosG [ ( . X a T i - X » T 2 ) ( X t Z a - X a Z , ) + ( Y 2 T 4 - Y , T 2 ) (Y , Z 2 - Y 2 Z , ) ] 
+ c 2 [ ( Y , T 2 - Y 2 T , ) 2 + ( X a T j - X t T a ) 2 ! 
- ( X z Y i - X i Y a ) 2 = 0 ( 6 . 4 ) 
cosip = c ( X g T i - X i T z - ) + cosfl ( X i Z a - X 2 Z i ) ( 6 . 5 ) 
sine ( X a Y t - X j Y a ) 
From equation 6 . 4 there are two poss ible values f o r t», 
corresponding to downward and upward moving showers; c l e a r l y only 
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t h e s o l u t i o n r e f e r r i n g t o t h e f o r m e r i s of i n t e r e s t . 
F i n a l l y , t h e c o o r d i n a t e s (6,$) may be t r a n s l a t e d i n t o r i g h t 
a s c e n s i o n and d e c l i n a t i o n u s i n g s t a n d a r d f o r m u l a e . 
6 . 4 . 1 R e s u l t s of t h e T e c h n i q u e . 
In o r d e r f o r t h e t e c h n i q u e t o be u s e d r e l i a b l y t h i s p r o c e d u r e 
must be c a r r i e d out on a l a r g e number of t h r e e f o l d e v e n t s . 
U n f o r t u n a t e l y , t h e r a t e of s u c h e v e n t s i s t o o low a t p r e s e n t f o r 
t h e r e s u l t s t o be c o n s i d e r e d s i g n i f i c a n t . 
T h e r e , a r e , h o w e v e r , s u f f i c i e n t t w o f o l d e v e n t s r e c o r d e d f o r 
t h e t e c h n i q u e to be u s e d i n a m o d i f i e d f o r m . N a t u r a l l y w i t h o n l y 
two d e t e c t o r r e s p o n s e s i t i s not p o s s i b l e t o d e f i n e a s p e c i f i c 
d i r e c t i o n , bu t r a t h e r a l i n e on t h e s k y , c o r r e s p o n d i n g t o t h e l o c u s 
of a l l p o i n t s f rom w h i c h t h e s i g n a l c o u l d h a v e a r r i v e d t o p r o d u c e 
t h e m e a s u r e d t i m e d i f f e r e n c e b e t w e e n t h e two d e t e c t o r s . In 
p r a c t i s e , t h i s l i n e becomes a s t r i p of w i d t h a p p r o x i m a t e l y 1 ° owing 
to a c o m b i n a t i o n of e x p e r i m e n t a l e r r o r s , and t h e j i t t e r on t h e 
a r r i v a l d i r e c t i o n of t h e C e r e n k o v l i g h t r e l a t i v e t o t h a t of t h e 
p r i m a r y gamma r a y . 
The r e s u l t of c o m b i n i n g a l a r g e number of r e s p o n s e s from a 
p a r t i c u l a r p a i r of d e t e c t o r s i s a s e r i e s of p a r a l l e l l i n e s a c r o s s 
t h e f i e l d of v i e w , w i t h t h e g r e a t e s t d e n s i t y of l i n e s o c c u r i n g a t 
or n e a r t o t h e c e n t r e ; t h e s e l i n e s , t h e r e f o r e , map out a m e a s u r e of 
t h e a p e r t u r e f u n c t i o n of t h e d e t e c t o r . 
I t f o l l o w s t h a t " o n - s o u r c e " d a t a s h o u l d y i e l d t i g h t e r 
d i s t r i b u t i o n s i n a n g l e t h a n " o f f - s o u r c e " d a t a , s i n c e t h e p r e s e n c e 
of a gamma r a y s o u r c e a t t h e c e n t r e of t h e f i e l d of v iew i s 
e x p e c t e d t o r e s u l t i n p r o p o r t i o n a t e l y more t w o f o l d s a r i s i n g f rom 
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t h i s d i r e c t i o n . As m e n t i o n e d e a r l i e r ( s e c t i o n 6 . 2 . 3 ) , t h e s e two 
t y p e s of d a t a may be o b t a i n e d e i t h e r by d i r e c t i n g t h e t e l e s c o p e s 
away f rom t h e s o u r c e f o r p a r t of t h e o b s e r v a t i o n ( t h e DS t e c h n i q u e , 
u s e d f o r s t u d y of d . c . s o u r c e s ) , or by t r a c k i n g a v a r i a b l e s o u r c e 
c o n t i n u o u s l y ( t h e TR t e c h n i q u e ) and d i s t i n g u i s h i n g between p e r i o d s 
of s t r o n g and weak e m i s s i o n . 
The t e c h n i q u e h a s been u s e d r e c e n t l y i n i t s l a t t e r form to 
a n a l y s e b u r s t s of e m i s s i o n r e c o r d e d d u r i n g TR m e a s u r e m e n t s of t h e 
C r a b P u l s a r ; t h e r e s u l t s . ( D o w t h w a i t e et a i , 1984) i n d i c a t e 
s i g n i f i c a n t l y s m a l l e r a n g u l a r ' s p r e a d f o r d a t a r e c o r d e d d u r i n g t h e 
b u r s t s t h a n i n q u i e t p e r i o d s , c o n f i r m i n g t h e u s e f u l n e s s of f a s t 
t i m i n g a n a l y s i s a s i n d e p e n d e n t c o r r o b o r a t i o n of t h e d e t e c t i o n of a 
gamma r a y s o u r c e . 
6 . 5 The P a c k a g e f o r R o u t i n e D a t a H a n d l i n g . 
T h i s p a c k a g e was d e s i g n e d t o p r o v i d e an e f f e c t i v e means of 
p r o d u c i n g t h e l a r g e q u a n t i t i e s of p a p e r o u t p u t i n v o l v e d i n t h e 
r o u t i n e d a t a s c r u t i n y ; t h e s c o p e of t h e p a c k a g e d o e s not e x t e n d to 
p e r i o d i c i t y a n a l y s i s or f a s t t i m i n g a n a l y s i s . A p r i n c i p a l 
r e q u i r e m e n t was t h a t t h e p a c k a g e be a c c e s s i b l e t o p e o p l e l a c k i n g 
i n t i m a t e k n o w l e d g e of t h e c o m p u t e r s y s t e m . The computer u s e d 
i n i t i a l l y f o r t h i s work i s NUMAC ( N o r t h u m b r i a n U n i v e r s i t i e s 
M u l t i p l e A c c e s s C o m p u t e r ) , an IBM 3 7 0 / 1 6 8 u s i n g t h e M i c h i g a n Time 
S h a r i n g (MTS) o p e r a t i n g s y s t e m . A l l d a t a a n a l y s i s r o u t i n e s a r e now 
i n t h e p r o c e s s of b e i n g t r a n s f e r r e d to t h e S t a r l i n k node a t Durham, 
w h i c h u s e s a VAX 1 1 / 7 5 0 . S t a r l i n k o f f e r s s e v e r a l a d v a n t a g e s o v e r 
NUMAC, i n c l u d i n g a more f l e x i b l e o p e r a t i n g s y s t e m , a more modern 
FORTRAN c o m p i l e r (FORTRAN 7 7 , a s opposed t o FORTRAN 6 6 ) , and 
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g r e a t e r u s e r c o n v e n i e n c e r e g a r d i n g t a p e h a n d l i n g , s i n c e 
and t a p e - d r i v e s a r e a l l a t Durham r a t h e r t h a n N e w c a s t l e . 
t h e t a p e s 
6 . 5 . 1 O v e r v i e w of t h e P a c k a g e . 
A d e t a i l e d d e s c r i p t i o n o-f t h e p rogram w i t h f l o w d i a g r a m s i s 
g i v e n i n A p p e n d i x A. B r i e f l y , i t i s a ' m e n u - d r i v e n ' p a c k a g e w i t h 
e i g h t main o p t i o n s a v a i l a b l e . T h e s e r a n g e f rom s i m p l e i t e m s , s u c h 
a s v i e w i n g a t a p e f i l e a t t h e t e r m i n a l , t o more c o m p l i c a t e d o n e s , 
l i k e s c a n n i n g a n i g h t ' s d a t a f o r b u r s t s of a c t i v i t y . The f u l l l i s t 
i s p r e s e n t e d b e l o w . 
1. D i s p l a y i n g a t a p e f i l e on t h e VDU. 
2 . Dumping a t a p e f i l e to t h e p r i n t e r . 
3 . Dumping a t a p e f i l e to a d i s c f i l e . 
4 . B i n n i n g d a t a f rom a t a p e f i l e , m i n u t e by m i n u t e . 
5 . B i n n i n g d a t a f rom a d i s c f i l e , m i n u t e by m i n u t e . 
6 . T a k i n g a v a r i a b l e w i d t h s l i d i n g a v e r a g e of d a t a b i n n e d by 
( 4 ) or ( 5 ) . 
7 . P l o t t i n g d a t a a v e r a g e d by ( 6 ) . 
8 . S c a n n i n g t h e d a t a f o r b u r s t s u s i n g t h e maximum l i k e l i h o o d 
t e c h n i q u e . 
The p r o g r a m i s h i g h l y " u s e r - f r i e n d l y " . H a v i n g s e l e c t e d one of 
t h e s u p p l i e d o p t i o n s t h e u s e r i s prompted f o r a l l f u r t h e r 
i n f o r m a t i o n r e q u i r e d t o c a r r y out t h e p r o c e s s i n g , s u c h a s names of 
t a p e s and f i l e s and o t h e r o p t i o n p a r a m e t e r s ; a l l s y s t e m commands 
a r e g e n e r a t e d by t h e p r o g r a m t o p r e v e n t c o r r u p t i o n of t h e d a t a b a s e 
owing t o e r r o r s on t h e p a r t of t h e u s e r . F o r t h e b e n e f i t of t h e 
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more e x p e r i e n c e d u s e r t h e p rogram i n c o r p o r a t e s a command s t r u c t u r e 
to s p e e d t h e a n a l y s i s p r o c e s s w i t h o u t c o m p r o m i s i n g any of t h e 
s a f e t y m e a s u r e s . 
Wi th r e g a r d to t h e f u t u r e , p r o v i s i o n h a s been made f o r t h e 
e x t e n s i o n of t h e r a n g e of o p t i o n s i f r e q u i r e d . 
102 
CHAPTER 7 . 
R E S U L T S OF OBSERVATIONS OF TWO GAMtIA RAY SOURCES. 
The o b s e r v i n g s c h e d u l e f o r 1981 and 1982 was d o m i n a t e d by two 
s o u r c e s . One of t h e s e (PSR 0 5 3 1 , t h e C r a b P u l s a r ) was known to be a 
s t r o n g l y e m i t t i n g p u l s a r a t l o w e r e n e r g i e s w i t h a w e l l - d e f i n e d 
p e r i o d , b u t a l t h o u g h m e a s u r e m e n t s had been made a t VHE gamma r a y 
e n e r g i e s p r e v i o u s l y , none were of h i g h s t a t i s t i c a l s i g n i f i c a n c e . 
The o t h e r s o u r c e ( C y g n u s X - 3 ) w a s , and r e m a i n s , s o m e t h i n g of an 
e n i g m a . I t i s a v a r i a b l e s o u r c e o b s e r v e d o v e r a v e r y w ide r a n g e of 
w a v e l e n g t h s , w i t h a t l e a s t one p e r i o d i c c o m p o n e n t . I t i s t h e o n l y 
s o u r c e of i t s k i n d s o f a r r e c o r d e d , and i s t h e s u b j e c t of much 
t h e o r e t i c a l d i s c u s s i o n . As t h e e x p e r i m e n t h a s p r o g r e s s e d t h e 
c a t a l o g u e of o b s e r v e d s o u r c e s h a s e x p a n d e d , t o i n c l u d e about 12 
o b j e c t s i n c l u d i n g H e r c u l e s X - l and P S R 1 9 3 7 , t h e m i l l i s e c o n d p u l s a r . 
I n t h i s c h a p t e r r e s u l t s b a s e d on d a t a c o l l e c t e d o v e r two 
s e a s o n s of o b s e r v a t i o n a r e p r e s e n t e d . The f i r s t s e c t i o n d e a l s w i t h 
m e a s u r e m e n t s of C y g n u s X - 3 , w h i c h h a s a l r e a d y been d e t e c t e d a t 
r a d i o , o p t i c a l , i n f r a - r e d and X - r a y w a v e l e n g t h s ( G r e g o r y , 1972 ; 
Weekes and G e a r y , 1 9 8 2 ; Mason e t a / , 1976 ; E i s n e r e t a i , 1980) i n 
a d d i t i o n t o t h e qamm& r a y r e g i o n . T h o s e o b s e r v a t i o n s a t i n f r a - r e d 
and X - r a y w a v e l e n g t h s h a v e c l e a r l y shown t h e c h a r a c t e r i s t i c 4 . 8 
hour p e r i o d i c i t y f i r s t r e p o r t e d i n 1 9 7 2 . O b s e r v a t i o n s a t low gamma 
r a y e n e r g i e s C ' i O O HeV) h a v e been somewhat c o n t r a d i c t o r y . High 
f l u x e s were r e p o r t e d by G a l p e r f o l l o w i n g b a l l o o n m e a s u r e m e n t s 
b e t w e e n . 1 9 7 2 and 1976 ( G a l p e r e t a l , 1 9 7 6 ) . The S A S - 2 o b s e r v a t i o n s 
made d u r i n g t h i s p e r i o d , i n 1 9 7 3 , showed a s i g n a l at a l o w e r f l u x 
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v a l u e t h a n t h e b a l l o o n m e a s u r e m e n t s , a p p a r e n t l y m o d u l a t e d w i t h a 
4 . 8 h o u r p e r i o d (Lamb e t a i , 1 9 7 7 ) , but t h e l a t e r o b s e r v a t i o n s by 
t h e COS B s a t e l l i t e ( S t r o n g , 1982) f a i l e d to r e p r o d u c e t h i s r e s u l t . 
O b s e r v a t i o n s a t h i g h e n e r g i e s , c l o s e to t h o s e d e t e c t a b l e by t h e 
Dugway t e l e s c o p e s O 1 0 0 0 G e V ) , h a v e been made p r e v i o u s l y a t t h r e e 
o b s e r v a t o r i e s , a l l . s u g g e s t i n g t h e e x i s t a n c e of a 4 . 8 hour p e r i o d i c 
s i g n a l , w i t h t h e maximum c o i n c i d i n g w i t h t h e X - r a y maximum (Neshpor 
et a l , 1 9 7 9 ; Dan.aher e t a i , 1 9 8 1 ; Lamb e t a i , 1 9 8 1 ) . 
The r e s u l t s p r e s e n t e d h e r e , b a s e d on by f a r t h e l a r g e s t d a t a 
s e t , c o n f i r m t h e e x i s t e n c e of a 4 . 8 hour p e r i o d i c s i g n a l a t gamma 
r a y e n e r g i e s O 1 0 0 0 G e V ) , and go f u r t h e r t o p r o v i d e d e t a i l s of t h e 
t e m p o r a l fo rm of t h e b u r s t s of e m i s s i o n and g i v e some i n d i c a t i o n of 
a l o n g t e r m (34 day) v a r i a t i o n of t h e e m i s s i o n . 
In t h e s e c o n d s e c t i o n r e s u l t s of o b s e r v a t i o n s of PSR0531 ( t h e 
Crab P u l s a r ) a re p r e s e n t e d . Most p r e v i o u s o b s e r v a t i o n s of t h i s 
o b j e c t i n t h e VHE gamma r a y r e g i o n h a v e r e c o r d e d p u l s e d e m i s s i o n 
w i t h t h e e x p e c t e d p e r i o d i c i t y , but t h e r e h a s been d i s a g r e e m e n t i n 
t h e v a l u e s o b t a i n e d f o r t h e t i m e a v e r a g e d f l u x e s ( G r i n d l a y et a i , 
197,6, J e n n i n g s et a i , 1 9 7 4 , E r i c k s o n et a i , 1 9 7 6 , Gupta et a i , 
1978) and t h e r e h a v e been s u g g e s t i o n s of l o n g te rm v a r i a b i l i t y of 
t he e m i s s i o n a t t hese e n e r g i e s o v e r p e r i o d s of d a y s or m o n t h s . 
S t r o n g e v i d e n c e f o r b u r s t s of VHE p u l s e d gamma r a y e m i s s i o n on a 
much s h o r t e r t i m e s c a l e - ( M S m i n u t e s ) h a s been found i n t h e d a t a 
r e c o r d e d by the Dugway sys t em. T h i s s h o r t d u r a t i o n may be an 
e x p l a n a t i o n of t he p r e v i o u s a p p a r e n t l y d i s c o r d a n t r e s u l t s f o r t h e 
t i m e ave raged f l u x e s . 
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7 .1 C y g n u s X - 3 . 
The r e s u l t s p r e s e n t e d h e r e a r e b a s e d on 263 h o u r s of 
o b s e r v a t i o n i n 1981 and 1 9 8 2 . The d a t a were r e c o r d e d i n both DS 
( J u l y - O c t o b e r 1981) and TR ( J u l y - N o v e m b e r 1982) mode, and so t h e 
methods e m p l o y e d to a n a l y s e them d i f f e r s l i g h t l y , a l t h o u g h t h e 
b a s i c , t e c h n i q u e , d i s c u s s e d i n t h e p r e c e e d i n g c h a p t e r , r e m a i n s t h e 
s a m e . 
7 . 1 . 1 4 . 8 Hour P e r i o d i c i t y . 
(A) DS D a t a . 
I t p r o v e d c o n v e n i e n t t D u s e a DS d u r a t i o n of 36 m i n u t e s s i n c e 
t h i s e n a b l e d o b s e r v a t i o n s to be made a t e i g h t e q u a l l y s p a c e d p h a s e s 
i n t h e e s t a b l i s h e d 4 . 8 hour X - r a y p e r i o d , w h i l e e n s u r i n g t h a t d a t a 
were t a k e n o v e r a s u f f i c i e n t l y l o n g i n t e r v a l to a l l o w a p p l i c a t i o n 
of t h e DS t e c h n i q u e ( s e e b e l o w ) t a k i n g i n t o a c c o u n t t h e t i m e 
r e q u i r e d f o r s t e e r i n g t h e a r r a y a t t h e b e g i n n i n g of e a c h s c a n 
( s e v e r a l m i n u t e s ) . 
The t e c h n i q u e e m p l o y e d to a n a l y s e DS d a t a f o l l o w e d t h e 
e s t a b l i s h e d p r o c e d u r e of s p l i t t i n g t h e d a t a i n t o t h r e e 10 m i n u t e 
s e c t i o n s , one c e n t r e d a b o u t t h e t i m e of t r a n s i t of t h e o b j e c t 
t h r o u g h t h e c e n t r e of t h e f i e l d of v i e w and t h e o t h e r s 
s y m m e t r i c a l l y p l a c e d on e i t h e r s i d e of t h i s . The c e n t r a l s e c t i o n 
was t h e r e f o r e d e s i g n a t e d a s ON s o u r c e d a t a , and t h e two o u t e r 
s e c t i o n s a s OFF s o u r c e , t h e s e b e i n g a v e r a g e d t o t a k e a c c o u n t of 
p o s s i b l e v a r i a t i o n s i n t h e b a c k g r o u n d c o u n t r a t e . 
O n l y DS d a t a t a k e n u n d e r c l e a r s k y c o n d i t i o n s were u s e d i n 
t h i s a n a l y s i s , s i n c e t h e p r e s e n c e of c l o u d c o u l d l e a d to 
u n p r e d i c t a b l e v a r i a t i o n s i n t h e b a c k g r o u n d c o u n t r a t e . A t o t a l of 
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76 DS r e c o r d e d i n 1981 w e r e u s e d ( c o n t a i n i n g 43921 r e c o r d e d 
C e r e n k o v p u l s e s ) 48 o-f w h i c h had p h a s e s c h o s e n t o i n c l u d e t h e 0 . 6 2 5 
X - r a y p h a s e , t h e r e m a i n i n g 28 ( r e c o r d e d i n O c t o b e r 1981) h a v i n g 
p h a s e s d i s p l a c e d by + 0 . 0 3 -from t h e e a r l i e r o b s e r v a t i o n s . T h i s was 
done a s t h e f i n a l s t e p of a programme to c o v e r t h o s e p h a s e s a t 
w h i c h i n i t i a l l y no d a t a was t a k e n , t h a t i s , t h o s e o c c u r r i n g when 
t h e t e l e s c o p e s were o f f s o u r c e . 
The s c a n s were c o m b i n e d a c c o r d i n g t o t h e i r p h a s e s i n t h e 4 . 8 
hour X - r a y p e r i o d , and t h e r a t i o ON/OFF c a l c u l a t e d f o r e a c h p h a s e 
( F i g u r e 7 . 1 , D o w t h w a i t e et a i , 1 9 8 3 ) . An e x c e s s i n t h e c o u n t r a t e 
i s o b s e r v e d a r o u n d X - r a y p h a s e 0 . 6 2 5 / 0 . 6 5 5 , f o r w h i c h t h e r a t i o 
ON/OFF was 1 . 0 7 6 ± 0 . 0 3 1 . F o l l o w i n g t h e p r o c e d u r e o u t l i n e d i n 
C h a p t e r 6 ( s e c t i o n 6 . 2 . 3 ) t h e maximum l i k e l i h o o d e s t i m a t e of t h e 
s o u r c e s t r e n g t h i s 1 2 4 . 5 c o u n t s w i t h upper and l o w e r l i m i t s of 
1 7 5 . 5 and 7 3 . 9 . The same c a l c u l a t i o n f o r 1981 d a t a i n t e g r a t e d o v e r 
a l l p h a s e s p r o d u c e s a v a l u e f o r t h e r a t i o of 1 .00 + 0 . 0 1 , 
i n d i c a t i n g t h a t most of t h e e m i s s i o n f rom t h e o b j e c t o c c u r s a t 
p h a s e 0 . 6 2 5 / 0 . 6 5 5 . 
T h i s r e s u l t i s s i g n i f i c a n t a t t h e 2 . 4 s t a n d a r d d e v i a t i o n (a) 
l e v e l , and a s s u m i n g t h a t t h e e m i s s i o n o c c u r s t h r o u g h o u t t h e ON 
p e r i o d i t i n d i c a t e s t h a t t h e peak gamma r a y f l u x h a s a ' l o w e r l i m i t 
of 7.6"/. of t h e b a c k g r o u n d f l u x ; g i v e n t h e t h r e s h o l d a t w h i c h t h e 
s y s t e m o p e r a t e s t h i s c o r r e s p o n d s to an i n t e g r a l peak f l u x of a t 
l e a s t 2 . 6 x 1 0 ~ l ° c m " 2 5 _ 1 a t t h i s p h a s e . The a b s e n c e of any 
e v i d e n c e f o r e x c e s s e m i s s i o n a t t h e p h a s e s e i t h e r s i d e of 
0 . 6 2 5 / 0 . 6 5 5 would seem t o i n d i c a t e t h a t t h e d u r a t i o n of t h e 
e m i s s i o n i s no l o n g e r t h a n 36 m i n u t e s , T h i s r e s u l t does not 
c o n f l i c t w i t h t h o s e of p r e v i o u s e x p e r i m e n t s h a v i n g s i m i l a r f i e l d s 
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Figure 7.1 Excess Counts ON/OFF Source for the Aggregate 
Response of Four Telescopes during DS Measurements 
in 1981 Plotted as Function of Phase in the 
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Figure 7.2 Excess Counts ON/OFF Source for the Low 
Energy Threshold Telescopes during DS Measurements 
in 1981, Plotted as Function of Phase in the 
4.8h X-Ray Period. 
of v i e w ; N e s h p o r r e p o r t e d a 57. s i g n a l l a s t i n g f o r about 1 0 - 1 5 
m i n u t e s ( N e s h p o r e t a i , 1 9 7 9 ) , D a n a h e r one of 20"/. l a s t i n g f o r l e s s 
t h a n 30 m i n u t e s ( D a n a h e r et a i , 1 9 8 1 ) , and Lamb one of 67. l a s t i n g 
f o r a b o u t 60 m i n u t e s (Lamb et a i , 1 9 8 1 ) , a l l of t h e s e o c c u r r i n g a t 
s i m i l a r X - r a y p h a s e s . 
D u r i n g t h e 1981 o b s e r v i n g s e a s o n , one of t h e t e l e s c o p e s had a 
s i g n i f i c a n t l y l o w e r t h r e s h o l d t h a n t h e o t h e r s , and t h i s h a s been 
f o u n d t o c o n t r i b u t e most of t h e o b s e r v e d e f f e c t . In F i g u r e 7 . 2 t h e 
r a t i o ON/OFF a t a l l p h a s e s i s p l o t t e d a g a i n f o r t h i s t e l e s c o p e 
a l o n e ( D o w t h w a i t e et a i , 1 9 8 3 ) ; t h e e x c e s s o b t a i n e d i s 147,, a 
r e s u l t w h i c h i s s i g n i f i c a n t a t t h e 3 . 3 5 a l e v e l . T h i s s u p p o r t s t h e 
s u g g e s t i o n by V l a d i m i r s k y ( V l a d i m i r s k y et a i , 1973) t h a t t h e gamma 
r a y e n e r g y s p e c t r u m may be s t e e p e r t h a n t h e c o s m i c r a y s p e c t r u m a t 
t h e s e e n e r g i e s . 
( E ) TR D a t a . 
The t r a c k i n g o b s e r v a t i o n s made i n 1982 r e s u l t e d i n t h e 
d e t e c t i o n of 78520 C e r e n k o v p u l s e s . To e n a b l e t h e TR d a t a to be 
c o m p a r e d (and c o m b i n e d ) w i t h t h e DS d a t a r e c o r d e d i n 1981 s i m i l a r 
a n a l y s i s t e c h n i q u e s were e m p l o y e d ; t h e 10 m i n u t e s e c t i o n a round 
e a c h of e i g h t e q u a l l y s p a c e d p h a s e s i n t u r n was u s e d a s ON s o u r c e 
d a t a , and t h e c o r r e s p o n d i n g 10 m i n u t e s e c t i o n s b e f o r e and a f t e r as 
OFF s o u r c e d a t a . S i n c e t h e s o u r c e i s a l w a y s i n t h e f i e l d of v i e w 
t h i s t r e a t m e n t r e l i e s on t h e a s s u m p t i o n , b a s e d on t h e 1981 r e s u l t s , 
t h a t t h e . a c t i v i t y i s c o n f i n e d to a 1 0 - 1 5 m i n u t e p e r i o d . The c h o i c e 
of p h a s e s was made to i n c l u d e X - r a y p h a s e 0 . 6 2 5 , t h e r e g i o n of 
a c t i v i t y i n t h e 1981 m e a s u r e m e n t s . 
A p o t e n t i a l a d d i t i o n a l p r o b l e m w i t h t h e a p p l i c a t i o n of DS 
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a n a l y s i s t e c h n i q u e s t o TR d a t a i s t h e v a r i a t i o n i n b a c k g r o u n d c o u n t 
r a t e o v e r t h e p e r i o d of a " s c a n " due t o c h a n g i n g z e n i t h a n g l e , but 
c a r e f u l s t u d y of t h i s v a r i a t i o n o v e r t h e r a n g e of z e n i t h a n g l e s 
e m p l o y e d h a s e l i m i n a t e d t h e p o s s i b i l i t y of t h i s h a v i n g a 
s i g n i f i c a n t e f f e c t on t h e r e s u l t s ( D o w t h w a i t e et a i , 1 9 8 3 ) . 
As e x p e c t e d f o l l o w i n g t h e 1981 r e s u l t , t h e r a t i o ON/OFF f o r 
a l l d a t a i n t e g r a t e d o v e r a l l p h a s e s was found t o be 1 .00 + 0 . 0 1 . As 
m e n t i o n e d e a r l i e r i n t h i s t h e s i s t h e number of t e l e s c o p e s w i t h low 
e n e r g y t h r e s h o l d s was i n c r e a s e d to two a t t h e s t a r t of t h e 1982 
o b s e r v i n g s e a s o n , and a n a l y s i s of t h e d a t a r e c o r d e d by t h e s e two 
a l o n e y i e l d s a p o s i t i v e e f f e c t a t p h a s e 0 . 6 2 5 s i m i l a r t o t h a t 
o b t a i n e d i n 1 9 8 1 , w i t h VHE gamma r a y e m i s s i o n m e a s u r e d a t 6.87. of 
t h e b a c k g r o u n d c o u n t r a t e , a r e s u l t s i g n i f i c a n t a t t h e 2 . 7 a l e v e l 
( F i g u r e 7 . 3 ) . Wi th h i n d s i g h t , t h i s p s e u d o DS t e c h n i q u e p r o b a b l y 
o n l y g i v e s a l o w e r l i m i t t o t h e f l u x , owing t o t h e p o s s i b l e a b s e n c e 
of a t r u e OFF s o u r c e m e a s u r e m e n t . 
F i n a l l y , c o m b i n i n g t h e d a t a r e c o r d e d by low e n e r g y t h r e s h o l d 
d e t e c t o r s o v e r bo th s e a s o n s y i e l d s an e x c e s s a t p h a s e 0 . 6 2 5 a t t h e 
4 . 0 5 a l e v e l ; t h i s c o r r e s p o n d s t o a f l u x of a b o u t 3 x 1 0 ~ 1 0 c m ~ 2 s _ 1 
a t an e n e r g y t h r e s h o l d of 1000 GeV. 
7 . 1 . 2 34 Day P e r i o d i c i t y . 
F o l l o w i n g X - r a y m e a s u r e m e n t s of C y g n u s X - 3 H o l t e n i h a s 
s u g g e s t e d a l o n g te rm v a r i a b i l i t y of e m i s s i o n of 34 d a y s ( M o l t e n i 
et a i , 1 9 8 0 ) . An i n v e s t i g a t i o n h a s been made t o d e t e r m i n e whe ther 
t h i s i s m a n i f e s t e d a t VHE gamma r a y w a v e l e n g t h s . In F i g u r e 7 . 4 t h e 
p e r c e n t a g e e x c e s s a t a l l p h a s e 0 . 6 2 5 o b s e r v a t i o n s a r e p l o t t e d 
a c c o r d i n g t o t h e i r p h a s e s i n t h e 3 4 . 1 day p e r i o d , and t h e r e i s some 
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Figure 7.3 Excess Counts Detected by Low Energy Threshold 
Telescopes, Plotted as Function of Phase in the 
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Figure 7.4 Excess Counts at Phase 0.625 in the 4.8 h X-Ray Period, 
Plotted as Function of Phase in the 34d X-Ray Period. 
i n d i c a t i o n of s u c h a l o n g t e r m v a r i a b i l i t y , a l t h o u g h t h e maximum i s 
o f f s e t f rom t h a t o b t a i n e d f o r X - r a y s by "7 d a y s ; t h e X - r a y and 
gamma r a y l i g h t c u r v e s wou ld c o i n c i d e i f a p e r i o d of 3 3 . 9 1 d a y s was 
c h o s e n , and t h i s would not c o n f l i c t w i t h t h e X - r a y d a t a r e c o r d e d i n 
1 9 7 7 - 1 9 7 8 . 
7 . 1 . 3 S t r u c t u r e of t h e B u r s t s of E m i s s i o n . 
I t h a s a l r e a d y been s t a t e d t h a t t h e e m i s s i o n a p p e a r s to be 
c o n f i n e d t o a p e r i o d of a b o u t 10 m i n u t e s a r o u n d p h a s e 0 . 6 2 5 . I t i s 
of i n t e r e s t t o i n v e s t i g a t e t h e u n i f o r m i t y of t h e e m i s s i o n o v e r t h i s 
p e r i o d , and t o t h i s end t h e d a t a f rom t h e f i v e o b s e r v a t i o n s 
d i s p l a y i n g t h e most s i g n i f i c a n t e x c e s s e s a t p h a s e 0 . 6 2 5 i n 1982 
were summed ( F i g u r e 7 . 5 ) ; t h e d i a g r a m shows' t h e m i n u t e c e n t r e d upon 
p h a s e 0 . 6 2 5 . The a c t i v i t y a p p e a r s t o be c o n c e n t r a t e d i n two 3 - 4 
m i n u t e b u r s t s , s e p a r a t e d by 3 m i n u t e s ; d u r i n g t h e s e b u r s t s t h e 
gamma r a y f l u x i s 507. of t h e CR b a c k g r o u n d . 
7 . 1 . 4 E n e r g y S p e c t r u m of Gamma R a y s . 
As m e n t i o n e d p r e v i o u s l y , t h e v a r y i n g s e n s i t i v i t i e s of t h e 
t e l e s c o p e s a l l o w s an e s t i m a t e t o be made of t h e s l o p e of t h e 
s p e c t r u m a r o u n d 1 0 0 0 - 2 5 0 0 GeV ( t h e d a t a u s e d f o r t h i s p u r p o s e were 
t h o s e r e c o r d e d a t X - r a y p h a s e 0 . 6 2 5 ) . The r e s u l t s u g g e s t s a s l o p e 
f o r VHE gamma r a y s w h i c h i s s t e e p e r t h a n t h e p r o t o n s p e c t r u m a t 
t h e s e e n e r g i e s ( 1 . 6 0 ) by 0 . 8 + 0 . 5 . 
7 . 2 C r a b P u l s a r P S R 0 5 3 1 . 
The d a t a upon w h i c h t h e s e r e s u l t s a r e b a s e d was c o l l e c t e d 
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Figure 7.5 Accumulated Count Rate for Low Energy Telescopes 
During Five Intervals of Tracking Cygnus X-3 in 1982. 
2 November 1 9 8 1 . They were r e c o r d e d i n t h e TR mode, and w i t h o u t t h e 
u s e of s t a b i l i s i n g p r o c e d u r e s d e s c r i b e d i n C h a p t e r 3 ( s e c t i o n 
3 . 5 . 1 ) , w h i c h h a v e t h e d i s a d v a n t a g e of r a i s i n g t h e d e t e c t i o n 
t h r e s h o l d e n e r g y , i n o r d e r to a c h i e v e a s h i g h a r a t e of shower 
d e t e c t i o n a s p o s s i b l e . ( S u b s e q u e n t e x p e r i e n c e h a s i n d i c a t e d t h a t 
t h e a d v a n t a g e of low t h r e s h o l d when o b s e r v i n g i n t h i s way i s 
o u t w e i g h e d by t h e d i s a d v a n t a g e s f rom l o s s of s t a b i l i t y , and a l l t h e 
TR d a t a t a k e n i n 1982 were o b t a i n e d u s i n g t h e s t a b i l i s i n g 
p r o c e d u r e s . ) 
7 . 2 . 1 P r e l i m i n a r y A n a l y s i s . 
F o l l o w i n g t h e p r o c e d u r e o u t l i n e d i n C h a p t e r 6 ( s e c t i o n 
6 . 3 . 1 ) , t h e t i m e s of a r r i v a l of t h e Cerenk.ov f l a s h e s r e c o r d e d i n 
1981 w e r e r e d u c e d t o t h e S o l a r S y s t e m b a r y c e n t r e , and t h e n u n f o l d e d 
u s i n g an e p h e m e r i s d e r i v e d f rom c o n t e m p o r a r y r a d i o o b s e r v a t i o n s 
( A . G . L y n e , p r i v a t e c o m m u n i c a t i o n ) : 
p e r i o d = 0 . 0 3 3 2 6 3 8 3 3 0 7 6 s 
d e r i v a t i v e = 3 6 . 4 1 6 ns d a y - 1 
e p o c h = 2 4 4 4 9 1 0 . 5 . 
I n i t i a l l y , e a c h n i g h t ' s o b s e r v a t i o n was t a k e n a s a c o m p l e t e 
d a t a - s e t , and t h e d a t a were s e a r c h e d , w i t h o u t s u c c e s s f o r e v i d e n c e 
of p e r i o d i c i t y u s i n g t h e R a y l e i g h t e s t ( C h a p t e r 6 , s e c t i o n 6 . 3 . 3 ) . 
7 . 2 . 2 The E f f e c t s of 23 and 31 O c t o b e r 1 9 8 1 . 
I n v i e w of t h e p o s s i b i l i t y t h a t any p e r i o d i c component may 
o c c u r i n o n l y p a r t of t h e d a t a , t h e p r o c e d u r e of s w e e p i n g a r o u n d 
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t h e e x p e c t e d p e r i o d ( a s d i s c u s s e d i n C h a p t e r 6, s e c t i o n 6.3.4) was 
a d a p t e d . T h i s r e s u l t e d i n t h e d e t e c t i o n o f a s t r o n g e f f e c t on 23 
O c t o b e r 1 9 8 1 a t a p e r i o d d i s p l a c e d by o n e F o u r i e r h a r m o n i c f r o m 
t h a t o f t h e e p h e m e r i s . 
I n o r d e r t o p l a c e t h i s e f f e c t i n t h e same F o u r i e r h a r m o n i c as 
t h e e p h e m e r i s p e r i o d t h e d a t a was d i v i d e d i n t o 15 m i n u t e s e c t i o n s 
a n d t h e p r o c e d u r e e m p l o y e d t o s e a r c h f o r n o n - u n i f o r m i t y i n t h e 
e a r l i e r , l a r g e r d a t a s e t r e p e a t e d . One o f t h e s e s e c t i o n s y i e l d e d an 
e f f e c t w i t h ' a p r o b a b i 1 i t y . o f c h a n c e o c c u r r e n c e o f < 1 0 _ i , d e s p i t e 
t h e i n c r e a s e i n t h e n u m b e r o f d e g r e e s o f f r e e d o m f r o m 1 , i n t h e c a s e 
o f t h e w h o l e 34 h o u r s b e i n g t r e a t e d a s o n e d a t a , s e t , t o 130. I n 
a d d i t i o n , t h e same t r e a t m e n t o f d a t a r e c o r d e d on 3 1 O c t o b e r 
r e v e a l e d a s i m i l a r b u t l e s s s i g n i f i c a n t e f f e c t i n o n e s e c t i o n , w i t h 
a c h a n c e p r o b a b i l i t y o f ^ l O - 4 . 
The d i a g r a m s i n F i g u r e 7.7 ( G i b s o n et a l , 1 9 8 2 a ) w e r e d e r i v e d 
by s l i d i n g a s e c t i o n o f f i x e d l e n g t h ( 1 5 m i n u t e s ) t h r o u g h t h e d a t a 
i n 2 m i n u t e i n c r e m e n t s a n d c a l c u l a t i n g t h e p r o b a b i l i t y o f no 
p e r i o d i c i t y f o r e a c h 15 m i n u t e d a t a s e t , f o l l o w i n g t h e p r o c e d u r e 
a b o v e . T h i s a l l o w e d t h e t i m e s o f t h e t w o o u t b u r s t s t o be s p e c i f i e d 
m o re a c c u r a t e l y . The p e a k on 23 O c t o b e r h a s a c h a n c e p r o b a b i l i t y o f 
4 x 1 0 " * , w i t h 34 ± 5 7. o f t h e r e c o r d e d r e s p o n s e s b e i n g p e r i o d i c ; 
t h i s c o r r e s p o n d s t o an i n t e g r a l f l u x o f ( 2 + 0.3) x 1 0 - 1 ° c m _ 2 s ~ 2 
f o r t h e 15 m i n u t e b u r s t . The t h r e s h o l d e n e r g y d e p e n d s on t h e z e n i t h 
a n g l e a t w h i c h t h e d a t a a r e t a k e n a n d f o r t h i s o b s e r v a t i o n was 3 0 0 0 
GeV. 
7.2.3 T h e L i g h t C u r v e . 
The l i g h t c u r v e s d e r i v e d f r o m t h e b u r s t s o f 23 and 3 1 O c t o b e r 
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Figure 7.6 Probability of No Periodicity at the Radio 
Period for Data in 15 Minute Intervals 
During Observat ions on [a] 23 October 
1981 and [b] 31 October 1981. 
a r e p r e s e n t e d i n F i g u r e 7.7 ( G i b s o n . e t a i , 1 9 8 2 b ) . I n b o t h , a 
s i n g l e p u l s e i s s e e n , w i t h s i m i l a r s h a p e a n d l o n g d u r a t i o n o f 6 ms 
FWHM. T h i s c o n t r a s t s w i t h t h e c h a r a c t e r i s t i c s i g n a t u r e o f m a i n 
p u l s e a n d i n t e r p u l s e o b s e r v e d a t r a d i o , o p t i c a l a n d X - r a y 
w a v e l e n g t h s , b u t t h e r e i s no r e a s o n t o s u p p o s e t h a t t h i s l i g h t 
c u r v e s h o u l d be r e p e a t e d a t t h e much h i g h e r e n e r g i e s a t w h i c h o u r 
m e a s u r e m e n t s w e r e made. The a b s e n c e o f c o n t e m p o r a n e o u s a b s o l u t e 
p h a s e i n f o r m a t i o n made i t i m p o s s i b l e t o d e t e r m i n e t h e a b s o l u t e 
p h a s e a t w h i c h t h e p e a k i n VHE gamma r a y e m i s s i o n o c c u r s . 
7.5 R e c e n t D e v e l o p m e n t s i n t h e A n a l y s i s o f D a t a f r o m 
PSR 0 5 5 1 . 
7 . 5 . 1 The 1 9 8 1 O u t b u r s t s . 
A m o r e p r e c i s e c o n t e m p o r a r y r a d i o e p h e m e r i s i n c o r p o r a t i n g 
a b s o l u t e p h a s e i n f o r m a t i o n was made a v a i l a b l e i n l a t e 1 9 82 ( A . 6 . 
L y n e , p r i v a t e c o m m u n i c a t i o n ) a n d t h i s h a s b e e n u s e d t o r e - e x a m i n e 
t h e t w o o u t b u r s t s r e c o r d e d i n 1 9 8 1 . The r e s u l t s , t o be p u b l i s h e d i n 
t h e n e a r f u t u r e , i n d i c a t e t h a t t h e l a r g e s t ( O c t o b e r 2 3 ) o c c u r r e d a t 
t h e same p h a s e as t h e r a d i o m a i n p u l s e . T h e r e i s a s l i g h t c h a n g e i n 
s h a p e o f t h e l i g h t c u r v e c o m p a r e d w i t h t h a t o b t a i n e d p r e v i o u s l y 
( F i g u r e 7 . 7 a ) w h i c h r e s u l t s f r o m t h e u s e o f a m o r e a p p r o p r i a t e 
e p h e m e r i s , a n d t h e r e i s now a p o s s i b l e p e a k a t t h e e x p e c t e d 
p o s i t i o n o f t h e i n t e r p u l s e . 
The b u r s t o f 31 O c t o b e r 1 9 8 1 h a d a l i g h t c u r v e w i t h a s i n g l e 
p e a k o f "MO ms w i d t h ( F i g u r e 7 . 7 b ) , w h i c h a p p a r e n t l y o c c u r r e d a b o u t 
13 ms b e f o r e t h e r a d i o m a i n p u l s e . 
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Figure 7.7 Light Curves for Periods of Activity on 
[a] 23 October and [b] 31 October 1981. 
7.3.2 O b s e r v a t i o n s i n 1 9 8 2 a n d 1 9 8 3 . 
F u r t h e r o b s e r v a t i o n s o f PSR 0 5 3 1 w e r e made b e t w e e n S e p t e m b e r 
1982 a n d N o v e m b e r 1 9 8 3 . The s e n s i t i v i t y o f t h e a r r a y h a d b e e n 
i m p r o v e d a s m e n t i o n e d i n C h a p t e r 4 ( s e c t i o n 4 . 5 . 3 ) , a n d t h e s e 
m e a s u r e m e n t s w e r e t a k e n u s i n g t h e s t a b i l i s i n g p r o c e d u r e s o m i t t e d 
d u r i n g t h e 1 9 8 1 o b s e r v a t i o n s o f t h i s s o u r c e . D a t a on 1 5 6 3 4 2 e v e n t s 
w e r e r e c o r d e d i n t h e TR mode o v e r a t o t a l o f a b o u t 103 h o u r s . 
F o l l o w i n g t h e same a n a l y s i s p r o c e d u r e a s b e f o r e , no f u r t h e r 
e v i d e n c e f o r s p o r a d i c a c t i v i t y on a t i m e s c a l e o f m i n u t e s h a s b e e n 
f o u n d w h i c h was as s t r o n g a s t h e 1 9 8 1 e f f e c t s . T h e r e d o e s , h o w e v e r , 
a p p e a r t o be e v i d e n c e f o r e m i s s i o n o c c u r r i n g t h r o u g h o u t t h e 103 
h o u r s o f d a t a t a k e n i n 1 9 8 2 - 1 9 8 3 ( D o w t h w a i t e et al, 1 9 8 4 a ) . 
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CHAPTER 8. 
DISCUSSION OF RESULTS. 
I n t h i s c h a p t e r t h e r e s u l t s d e s c r i b e d i n C h a p t e r 7 a r e 
d i s c u s s e d . I n t h e c a s e o f C y g n u s X-3 t h e v a r i o u s m o d e l s w h i c h h a v e 
b e e n p r o p o s e d t o i n c o r p o r a t e t h e r e s u l t s o-f o b s e r v a t i o n s a t a l l 
w a v e l e n g t h s a r e r e v i e w e d i n t h e l i g h t o-f t h e s t e e p VHE gamma r a y 
s p e c t u m i n d i c a t e d b y t h e p r e s e n t w o r k . M e a s u r e m e n t s o f t h e C r a b 
p u l s a r h a v e d e t e c t e d p e r i o d s o-f t r a n s i e n t p u l s e d e m i s s i o n ( i n 1 9 8 1 ) 
an d a l s o s t e a d y , l o w - l e v e l , p u l s e d e m i s s i o n ( i n 1 9 8 2 - 1 9 8 3 ) , t h e 
l a t t e r g i v i n g r i s e t o a l i g h t c u r v e , w i t h a n a r r o w p e a k a t t h e same 
p h a s e a s t h e r a d i o m a i n p u l s e . The i m p l i c a t i o n s o f t h e s e r e s u l t s 
a r e d i s c u s s e d , a n d e v i d e n c e i s p r e s e n t e d w h i c h i n d i c a t e s t h a t t h e 
e n e r g y s p e c t r u m - f o r gamma r a y s f o r t h i s o b j e c t s t e e p e n s a b o v e 100 
GeV. 
8.1 C y g n u s X-3. 
The r e s u l t s r e p o r t e d i n t h e p r e c e d i n g c h a p t e r a r e i n g e n e r a l 
a g r e e m e n t w i t h t h o s e o f o t h e r w o r k e r s r e g a r d i n g t h e v a r i a t i o n s i n 
e m i s s i o n f r o m C y g n u s X-3 o v e r p e r i o d s o f 4.8 h o u r s a n d 34 d a y s . 
W i t h r e s p e c t t o t h e f o r m e r , t h e p h a s e o f t h e p e a k c o i n c i d e s 
a p p r o x i m a t e l y w i t h t h o s e o f e a r l i e r m e a s u r e m e n t s , b u t i t s d u r a t i o n 
i s much s h o r t e r . X - r a y e m i s s i o n s f r o m t h i s s o u r c e h a v e a l i g h t 
c u r v e w h i c h i s a p p r o x i m a t e l y s i n u s o i d a l , b u t s i n c e i t i s u n l i k e l y 
t h a t t h e same m e c h a n i s m s a r e r e s p o n s i b l e f o r t h e t w o e m i s s i o n s , 
s i m i l a r l i g h t c u r v e s w o u l d n o t n e c e s s a r i l y be e x p e c t e d . H o w e v e r , 
t h e l i g h t c u r v e s d e r i v e d f o r VHE gamma r a y s i n o t h e r e x p e r i m e n t s 
h a v e a l s o i n d i c a t e d a l o n g e r d u r a t i o n f o r t h e e m i s s i o n t h a n t h a t 
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m e a s u r e d h e r e , w i t h Lamb r e p o r t i n g e m i s s i o n l a s t i n g f o r a b o u t an 
h o u r d u r i n g c o n t e m p o r a n e o u s o b s e r v a t i o n s (Lamb et a i , 1 9 8 1 ) . 
The p e a k i n t h e 34 d a y l i g h t c u r v e i s d i s p l a c e d b y "~7 d a y s 
f r o m t h a t d e r i v e d f r o m t h e X - r a y r e s u l t s o f M o l t e n i ( M o l t e n i e r a i , 
1 9 8 0 ) , b u t when t h e u n c e r t a i n t i e s i n v o l v e d i n b r i n g i n g t h e X - r a y 
r e s u l t f o r w a r d o v e r 5 y e a r s a r e t a k e n . i n t o c o n s i d e r a t i o n , t h e 
r e s u l t i s q u i t e c l o s e . 
The e n e r g y s p e c t r u m o f r a d i a t i o n f r o m C y g n u s X-3 i s shown i n 
F i g u r e 8 . 1 , w i t h t h e r e s u l t f r o m t h e p r e s e n t e x p e r i m e n t i n c l u d e d . 
The v a l u e p l o t t e d i s t h e t i m e a v e r a g e d VHE gamma r a y f l u x a b o v e 
130 0 GeV, w i t h t h e p e a k f l u x e s f o r t h i s a n d e a r l i e r m e a s u r e m e n t s 
b e i n g s h o w n i n s e t on t h i s d i a g r a m . T h i s r e s u l t i s i n a c c o r d a n c e 
w i t h e a r l i e r gamma r a y r e s u l t s a n d t h e r e c e n t a i r s h o w e r r e s u l t 
( S a m o r s k i a n d Stamm, 1 9 8 3 ) c o n f i r m i n g t h e i m p o r t a n c e o f t h e e n e r g y 
c a r r i e d b y gamma r a y s e m i t t e d b y C y g n u s X-3. 
8 . 1 . 1 M o d e l s f o r C y g n u s X-3. 
An a t t e m p t t o i n c o r p o r a t e p r e v i o u s r e s u l t s , a t X - r a y a n d 
i n f r a r e d w a v e l e n g t h s , i n a m o d e l f o r C y g n u s X-3 was made by 
M i l g r o m , w i t h l i m i t e d s u c c e s s ( M i l g r o m , 1 9 7 6 ) , i n w h i c h i t was 
s u g g e s t e d t h a t t h e s o u r c e c o n s i s t e d o f t h e u s u a l X - r a y b i n a r y 
s y s t e m s u r r o u n d e d by a s p h e r i c a l s h e l l o f g a s . F o l l o w i n g t h e 
d e t e c t i o n o f gamma r a y s a b o v e 35 MeV w i t h a 4.8 h o u r p e r i o d i c i t y by 
t h e SAS-2 o b s e r v a t i o n s (Lamb e t a i , 1 9 7 7 ) , M i l g r o m and P i n e s 
( H i l g r o m a n d P i n e s , 1 9 7 8 ) p r o p o s e d a m o d e l w h i c h i n t r o d u c e d a 
r a p i d l y r o t a t i n g ( p e r i o d "MO ms) p u l s a r i n t o t h e c o c o o n e d b i n a r y 
m o d e l , b u t t h i s d i d n o t e x p l a i n t h e e m i s s i o n o f VHE gamma r a y s . 
M o r e r e c e n t l y , V e s t r a n d a n d E i c h l e r h a v e c o n s i d e r e d a p u l s a r 
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Figure 8.1 Energy Spectrum of Radiation from Cygnus X-3 
in VHE Gamma Rays at X-Ray Phase 0.625. 
m o d e l i n c o r p o r a t i n g d i r e c t p a r t i c l e i n t e r a c t i o n , i n w h i c h CR 
a c c e l e r a t e d f r o m t h e p u l s a r s t r i k e t h e a t m o s p h e r e o f t h e s t e l l a r 
c o m p a n i o n r e s u l t i n g i n t h e e m i s s i o n o f gamma r a y s ( V e s t r a n d a n d 
E i c h l e r , 1 9 8 2 ) . T h i s w o u l d e x p l a i n t h e p r o d u c t i o n o f t h e t w i n p e a k s 
r e p o r t e d b y some o b s e r v e r s ( N e s h p o r et a i , 1 9 8 0 ) , b u t t h e s h o r t 
o u t b u r s t s r e p o r t e d h e r e a r e n o t e x p e c t e d f r o m t h e p u l s a r - d r i v e n 
m o d e l b e c a u s e , o w i n g t o A l f v e n s c a t t e r i n g , t h e beam i s n o t e x p e c t e d 
t o be s o w e l l c o l l i m a t e d a s t o p r o d u c e gamma r a y b u r s t s on s u c h a 
s h o r t t i m e s c a l e . 
T h i s s h o r t t e r m v a r i a b i l i t y h a s l e a d G r i n d l a y t o p r o p o s e , a 
n o n - a l i g n e d r o t a t o r m o d e l f o r C y g n u s X-3 ( G r i n d l a y , 1 9 8 2 b ) , w h i c h 
f o l l o w s f r o m m o d e l s s u g g e s t e d f o r SS433 ( w h i c h i s a p p a r e n t l y 
s i m i l a r i n t h a t i t e x h i b i t s t w i n p e a k s o f e m i s s i o n w i t h i n a p e r i o d 
o f 13 d a y s , m o d u l a t e d b y a l o n g t e r m v a r i a b i l i t y o f a b o u t 160 
d a y s ) , a n d o f f e r s an a l t e r n a t i v e t o t h e p u l s a r - d r i v e n m o d e l s w i t h 
an a c c r e t i o n - d r i v e n m o d e l . 
I n t h i s m o d e l , t h e s o u r c e i s a b i n a r y s y s t e m , w i t h a c o m p a c t 
s t a r i n o r b i t a r o u n d a much m o r e m a s s i v e c o m p a n i o n , w h i c h i s 
s u r r o u n d e d b y a c o c o o n o f g a s : o w i n g t o i t s s p i n , t h e c o m p a n i o n a n d 
i t s c o c o o n t a k e t h e f o r m o f an o b l a t e s p h e r o i d . The c o m p a c t o b j e c t 
i s s u r r o u n d e d b y an a c c r e t i o n d i s c o f m a t t e r d r a w n f r o m i t s 
c o m p a n i o n , w h i c h p o w e r s t h e j e t s o f e l e c t r o n s e m i t t e d a l o n g t h e 
m a g n e t i c f i e l d l i n e s a t i t s p o l e s . T h e s e e l e c t r o n s , w h i c h may be 
a c c e l e r a t e d up t o r e l a t i v i s t i c e n e r g i e s , a r e t h e n s c a t t e r e d by t h e 
i n v e r s e C o m p t o n p r o c e s s o f f s t a r l i g h t e m i t t e d by t h e c o m p a n i o n , 
p r o d u c i n g gamma r a y s . 
The o b s e r v e d p e r i o d i c i t i e s a r e e x p l a i n e d a s f o l l o w s . The s p i n 
a x i s o f t h e c o m p a n i o n i s m i s a l i g n e d w i t h t h e o r b i t a l a n g u l a r 
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momentum v e c t o r o f t h e c o m p a c t o b j e c t , w h i c h l e a d s t o e n h a n c e d 
a c c r e t i o n o n t o t h e d i s c o c c u r r i n g t w i c e p e r o r b i t o w i n g t o t h e 
d o u b l y - p e r i o d i c m o d u l a t i o n o f t h e R o c h e l o b e r a d i u s o f t h e 
c o m p a n i o n . T h i s , i t i s s u g g e s t e d , may a c c o u n t f o r t h e p e a k s i n t h e 
e m i s s i o n o f C y g n u s X-3 a t p h a s e s 0 .125 a n d 0 . 6 2 5 , ( a l t h o u g h i n o u r 
d a t a o n l y t h e p e a k a t p h a s e 0.625 was o b s e r v e d w i t h s i g n i f i c a n c e ) . 
I n a d d i t i o n , t h e q u a d r u p o l e moment o f t h e c o m p a n i o n s t a r f e e l s a 
t o r q u e f r o m t h e d i s k , o w i n g t o i t s m i s a l i g n m e n t , w h i c h c a u s e s i t s 
s p i n a x i s t o p r e c e s s , f u r t h e r m o d u l a t i n g t h e s u p p l y o f g a s t o t h e 
a c c r e t i o n d i s c a n d h e n c e t h e e m i s s i o n o f VHE gamma r a y s ; t h i s may 
a c c o u n t f o r t h e e s t a b l i s h e d l o n g t e r m m o d u l a t i o n o f SS433 ( p e r i o d 
M 6 4 d a y s ) a n d s i m i l a r l y t h e s u g g e s t e d 34 d a y p e r i o d i c i t y o f C y g n u s 
X-3. 
I n c o n c l u s i o n , t h e p o s s i b l e d e t e c t i o n o f a 34 d a y m o d u l a t i o n 
o f t h e p e a k gamma r a y f l u x , i n a d d i t i o n t o t h e 4.8 h o u r p e r i o d , i s 
c o n s i s t e n t w i t h an a c c r e t i o n - d r i v e n m o d e l i n c o r p o r a t i n g a 
m i s a l i g n e d b i n a r y s y s t e m , s i m i l a r t o t h e o n e p r o p o s e d f o r SS433. On 
t h e o t h e r h a n d , a f i r m i n d i c a t i o n o f e m i s s i o n i n t h e f o r m o f t w o 
s h o r t b u r s t s may f a v o u r a p u l s a r - d r i v e n m o d e l a l t h o u g h t h e 
d e f i n i t i v e t e s t f o r s u c h m o d e l s r e m a i n s t h e d e t e c t i o n o f p u l s e d VHE 
gamma r a y s . 
8.2 C r a b P u l s a r ( P 5 R 0 5 3 1 ) . 
E x t e n s i v e m e a s u r e m e n t s o f gamma r a y s f r o m PSR0531 h a v e b e e n 
made a t l o w e r e n e r g i e s ( 1 0 0 - 1 0 0 0 MeV) u s i n g t h e C0S-B s a t e l l i t e 
( W i l l s et a i , 1 9 8 2 ) . T h e s e p r o v i d e d e v i d e n c e f o r a n a r r o w m a i n 
p u l s e , a b r o a d e r i n t e r p u l s e o f v a r i a b l e s t r e n g t h and weak e m i s s i o n 
i n t h e i n t e r m e d i a t e r e g i o n . A t h i g h e r e n e r g i e s ( 1 0 0 - 1 0 0 0 GeV) t h e 
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a t m o s p h e r i c C e r e n k o v t e c h n i q u e h a s b e e n e m p l o y e d b y a n u m b e r o f 
w o r k e r s , r e v i e w e d b y P o r t e r a n d Weekes ( P o r t e r and Weekes, 1 9 7 8 ) . 
T h e r e h a s b e e n no a g r e e m e n t a b o u t t h e s h a p e o f t h e l i g h t c u r v e , n o r 
h a v e t h e r e p o r t e d f e a t u r e s b o r n e a n y c o n s i s t e n t p h a s e r e l a t i o n s h i p 
w i t h e m i s s i o n a t o t h e r w a v e l e n g t h s . 
An i m p o r t a n t a s p e c t o f t h e p r e s e n t r e s u l t s o f o b s e r v a t i o n s o f 
t h e C r a b p u l s a r l i e s i n t h e d e t e c t i o n o f p u l s e d e m i s s i o n o f VHE 
gamma r a y s o c c u r r i n g i n s h o r t (""15 m i n u t e s d u r a t i o n ) b u r s t s . To 
d e t e r m i n e w h e t h e r s h o w e r s o c c u r r i n g d u r i n g t h e b u r s t h a d d i f f e r e n t 
p r o p e r t i e s f r o m t h o s e d e t e c t e d a t o t h e r t i m e s , t h e r e c o r d s h a v e 
b e e n e x a m i n e d i n d e t a i l . 
T a k i n g t h e b u r s t o f 23 O c t o b e r 1 9 8 1 , a n d d i v i d i n g t h e s h o w e r s 
i n t o t w o g r o u p s , t h a t i s , t h o s e o c c u r r i n g d u r i n g a 20"/. p h a s e 
i n t e r v a l a t t h e p e a k o f t h e l i g h t c u r v e a n d t h e r e s t , i t was f o u n d 
t h a t t h e l a t t e r w e r e s i m i l a r i n a l l r e s p e c t s t o s h o w e r s o c c u r r i n g 
i m m e d i a t e l y a f t e r t h e b u r s t , w h e r e a s t h e f o r m e r was r i c h i n d o u b l e 
t e l e s c o p e r e s p o n s e s : t h e X 2 c h a n c e p r o b a b i l i t y was I X . The number 
o f t h r e e a n d f o u r t e l e s c o p e r e s p o n s e s r e c o r d e d was t o o s m a l l f o r a 
s i m i l a r e n h a n c e m e n t t o be f o u n d w i t h a n y s t a t i s t i c a l s i g n i f i c a n c e , 
a n d f o r t h e same r e a s o n , t h e s t r e n g t h o f t h e b u r s t on 3 1 O c t o b e r 
1 9 8 1 was i n s u f f i c i e n t t o p e r m i t s i m i l a r a n a l y s i s . 
A d i f f e r e n t a p p r o a c h was u s e d t o a n a l y s e t h e 1982 d a t a ; The 
s i m u l a t i o n r e s u l t s i n C h a p t e r 4 ( s e c t i o n 4 . 5 . 6 ) i n d i c a t e t h a t i n 
g e n e r a l , a t o b s e r v a t i o n t h r e s h o l d s a p p r o p r i a t e t o t h e Dugway s.rr&y} 
a p e r t u r e f u n c t i o n s f o r t w o f o l d r e s p o n s e s a r e n a r r o w e r t h a n t h o s e 
f o r s i n g l e - f o l d s . The a r g u m e n t s p r e s e n t e d i n t h a t c h a p t e r i n d i c a t e 
t h a t t h i s n a r r o w i n g o f t h e a p e r t u r e f u n c t i o n s h o u l d be b e n e f i c i a l 
t o t h e d e t e c t i o n o f gamma r a y s f r o m t h e s o u r c e a g a i n s t t h e CR 
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b a c k g r o u n d , a n d t h e e x p e r i m e n t a l e v i d e n c e i n s u p p o r t o f t h i s u s i n g 
1982 d a t a was g i v e n t h e r e ( F i g u r e 4 . 1 4 ) . T h i s i s a l s o c o n s i s t e n t 
w i t h t h e a b o v e a n a l y s i s o f t h e 1 9 8 1 o u t b u r s t s . 
8 . 2 . 1 The L i g h t C u r v e . 
As m e n t i o n e d i n t h e p r e c e d i n g c h a p t e r , t h e l i g h t c u r v e s 
o b t a i n e d f o r t h e 1 9 8 1 o u t b u s t s f r o m t h e C r a b p u l s a r a t VHE gamma 
r a y w a v e l e n g t h s a r e d i f f e r e n t f r o m t h e e s t a b l i s h e d c u r v e s m e a s u r e d 
a t r a d i o , o p t i c a l a n d X- Lray w a v e l e n g t h s i n h a v i n g a s i n g l e l o n g 
p u l s e . A t much l o w e r gamma r a y e n e r g i e s (< 1 GeV) t h e C a r a v a n e 
c o l l a b o r a t i o n r e p o r t e d a l i g h t c u r v e w i t h a m a i n a n d an i n t e r p u l s e 
o f a f e w m i l l i s e c o n d s d u r a t i o n b a s e d on e a r l y o b s e r v a t i o n s , b u t i n 
l a t e r m e a s u r e m e n t s t h e i n t e r p u l s e was s e e n t o d e c r e a s e i n a m p l i t u d e 
( W i l l s , 1 9 8 1 ) . 
On t h e o t h e r h a n d , t h e l i g h t c u r v e s o b t a i n e d f o r d a t a i n 
1 9 8 2 - 1 9 8 3 a r e s i m i l a r t o t h o s e o b s e r v a t i o n s a t l o w e r e n e r g i e s , 
d i s p l a y i n g t h e c h a r a c t e r i s t i c n a r r o w p u l s e a t t h e p h a s e o f t h e 
r a d i o m a i n p u l s e . T h i s w o u l d seem t o s u g g e s t a d i f f e r e n c e b e t w e e n 
t h e m e c h a n i s m f o r c o n t i n u o u s e m i s s i o n a n d t h a t f o r t h e 1 9 8 1 
o u t b u r s t s . 
8 .2.2 Summary o f O b s e r v a t i o n s o f PSRQ531. 
The d a t a o b t a i n e d on PSR0531 o v e r t h r e e s e a s o n s o f 
o b s e r v a t i o n s h a s g i v e n e v i d e n c e f o r t w o modes o f e m i s s i o n . The 
o u t b u r s t s i n 19B1 d e m o n s t r a t e t h e e x i s t e n c e o f a s p o r a d i c 
c o m p o n e n t , w h i l e t h e d a t a i n 1 9 8 2 - 1 9 8 3 h a s c l e a r l y i n d i c a t e d t h e 
p r e s e n c e o f s t e a d y , l o w - l e v e l , p e r i o d i c e m i s s i o n . 
The l i g h t c u r v e s o b t a i n e d f o r t h e l a t t e r show a n a r r o w p e a k 
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a t t h e p h a s e o f t h e r a d i o m a i n p u l s e , w i t h some e v i d e n c e f o r 
e m i s s i o n a t t h e same o t h e r p h a s e s as t h o s e s u g g e s t e d by l o w e r 
e n e r g y m e a s u r e m e n t s . As n o t e d by G r i n d l a y ( G r i n d l a y , 1 9 8 2 b ) t h i s 
s u g g e s t s t h a t t h e r e i s c l o s e c o u p l i n g b e t w e e n t h e VHE gamma r a y and 
r a d i o e m i s s i o n . I n a d d i t i o n , b e c a u s e o f t h e l a r g e a b s o r p t i o n 
c r o s s - s e c t i o n f o r TeV p h o t o n s t o p a i r p r o d u c e , e i t h e r on t h e p u l s a r 
m a g n e t i c f i e l d o r i n p h o t o n - p h o t o n s c a t t e r i n g , t h e y m u s t a r i s e f r o m 
r e g i o n s n e a r t h e p u l s a r l i g h t c y l i n d e r , a n d t h i s f a c t , t o g e t h e r 
w i t h t h e p r e s e n t r e s u l t s , i n d i c a t e s t h a t t h e r a d i o e m i s s i o n s h o u l d 
a l s o a r i s e f r o m t h i s r e g i o n . The b r o a d e r p u l s e s o b t a i n e d f o r t h e 
t r a n s i e n t e m i s s i o n i n d i c a t e p e r h a p s a d i f f e r e n t p r o d u c t i o n 
m e c h a n i s m . I t i s s u g g e s t e d t h a t t h e e x i s t e n c e o f s t r o n g s p o r a d i c 
b u r s t s o f t r a n s i e n t e m i s s i o n may a c c o u n t f o r t h e p r e v i o u s 




The p e r f o r m a n c e o f t h e U n i v e r s i t y o f Durham f a c i l i t y a t 
Dugway was i m p r o v e d c o n t i n u o u s l y f r o m i t s e s t a b l i s h m e n t i n t h e 
S p r i n g , a n d Summer o f 1 9 8 1 u n t i l i t s c l o s u r e i n l a t e 1 9 8 4 ; a t t h a t 
t i m e i t s s e n s i t i v i t y was a r g u a b l y a s g r e a t a s t h a t o f a n y o t h e r 
e x p e r i m e n t i n t h e f i e l d . I n e x c e s s o f 1000 h o u r s o f d a t a w e r e 
o b t a i n e d c o v e r i n g t e n p o s s i b l e s o u r c e s ; t h e r e s u l t s f r o m t h e t w o 
d i s c u s s e d i n t h i s t h e s i s h a v e b e e n p u b l i s h e d a l o n g w i t h r e s u l t s 
f r o m H e r c u l e s X - l ( D o w t h w a i t e et s i , 1 9 8 4 b ) a n d M31 ( D o w t h w a i t e et 
al, 1 9 8 4 c ) , w h i l e a n a l y s i s o f t h e o t h e r s c o n t i n u e s . 
The u l t i m a t e p e r f o r m a n c e o f t h i s o b s e r v a t o r y , h o w e v e r , was 
l i m i t e d b y t h e e q u i p m e n t a v a i l a b l e , i n p a r t i c u l a r t h e 
r e f l e c t i v i t i e s a n d f o c i o f t h e m i r r o r s . As d i s c u s s e d i n C h a p t e r 3, 
t h e f o c a l l e n g t h o f t h e s e e x - s e a r c h l i g h t m i r r o r s i s u n s u i t a b l e f o r 
t h e r e q u i r e m e n t s o f t h i s e x p e r i m e n t , w h i c h made n e c e s s a r y t h e i r 
d e p l o y m e n t i n a C a s s e g r a i n f o r m a t i o n . The e x t r a r e f l e c t i o n t h i s 
i n v o l v e s , t o g e t h e r w i t h t h e o f t e n , p o o r q u a l i t y o f t h e m i r r o r 
s u r f a c e s a n d f o c u s , r e s u l t s i n l o s s o f l i g h t . 
C l e a r l y w h a t i s r e q u i r e d i s a p u r p o s e b u i l t VHE gamma r a y 
t e l e s c o p e , t h e o n l y o n e t o d a t e b e i n g t h e 60 m 2 d i s h a t t h e 
S m i t h s o n i a n A s t r o p h y s i c a l O b s e r v a t o r y a t M o u n t H o p k i n s . The 
d e v e l o p m e n t o f a f u r t h e r s u c h , t e l e s c o p e i s u n d e r w a y , a n d i s 
d e s c r i b e d b r i e f l y i n t h e f o l l o w i n g s e c t i o n . 
9.1 The S e c o n d G e n e r a t i o n VHE Gamma Ray T e l e s c o p e . 
The new t e l e s c o p e w i l l h a v e t w o f l u x c o l l e c t o r s , e a c h made up 
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o f 49 s m a l l ( 6 0 cm d i a m e t e r ) c i r c u l a r m i r r o r s , g i v i n g an e f f e c t i v e 
a r e a o f "'18 m 2 . The f o c a l l e n g t h o f t h e c o m p o s i t e m i r r o r s w i l l b e 
2.5 m, an a p p r o p r i a t e v a l u e f o r e f f i c i e n t d e t e c t i o n o f gamma r a y s 
a g a i n s t t h e p r o t o n b a c k g r o u n d . 
The l i g h t d e t e c t o r w i l l c o n s i s t i n i t i a l l y o f a g r o u p o f s e v e n 
3" PMTs m o u n t e d a t t h e p r i m e f o c u s o f e a c h c o l l e c t o r ; i t i s h o p e d 
t o i n c r e a s e t h i s t o n i n e t e e n PMTs p e r c o l l e c t o r i n t h e f u t u r e . E a c h 
PMT h a s a f i e l d d i a m e t e r o f '"1.8°, g i v i n g a t o t a l f i e l d a r e a o f 
12.6 s q u a r e d e g r e e s f o r t h e i n i t i a l a r r a n g e m e n t , r i s i n g t o 
s q u a r e d e g r e e s f o r t h e f u l l c o m p l e m e n t o f n i n e t e e n PMTs. 
The f l u x c o l l e c t o r s a r e t o be s u p p o r t e d on an a l t - a z i m u t h 
m o u n t s i m i l a r t o t h a t u s e d i n t h e c u r r e n t e x p e r i m e n t . The s t e e r i n g 
a n d p o i n t i n g s y s t e m , a n d d a t a r e c o r d i n g e l e c t r o n i c s w i l l be o f 
b r o a d l y s i m i l a r s p e c i f i c a t i o n t o t h o s e i n t h e c u r r e n t e x p e r i m e n t , 
b u t u s i n g c o m m e r c i a l i n s t e a d o f h o m e - b u i l t e l e c t r o n i c s ( L e C r o y 
I n s t r u m e n t s CAMAC m o d u l e s ) f o r i m p r o v e d s e r v i c e a b i l i t y . 
9 . 1 . 1 The I m p r o v e d P e r f o r m a n c e o f t h e New T e l e s c o p e . 
The e n e r g y t h r e s h o l d o f t h e new t e l e s c o p e i s e x p e c t e d t o be 
l o w e r t h a n t h e p r e s e n t o n e s OSOO GeV as o p p o s e d t o >1 0 0 0 GeV) 
o w i n g t o t h e t e n - f o l d i n c r e a s e i n c o l l e c t o r a r e a . The c o u n t r a t e 
p e r p a i r o f PMTs ( o n e i n e a c h r e f l e c t o r ) i n c o i n c i d e n c e i s e x p e c t e d 
t o r i s e t o ^ 2 0 0 c o u n t s m i n u t e - 1 . 
The new c o m p o n e n t m i r r o r s h a v e b e e n t e s t e d b o t h i n t h e 
l a b o r a t o r y a n d a t Dugway, a n d h a v e b e t t e r i m a g i n g p r o p e r t i e s t h a n 
t h e s e a r c h l i g h t r e f l e c t o r s , i n a d d i t i o n t o t h e i r m ore a p p r o p r i a t e 
f o c a l l e n g t h as m e n t i o n e d e a r l i e r . The w o r s t o f t h e f o u r d e t e c t o r s 
i n Dugway was r e - m i r r o r e d u s i n g t h r e e m a t r i c e s o f t h e s e new 
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m i r r o r s , w i t h t h e r e s u l t t h a t t h e t h r e s h o l d d r o p p e d t o ^ 8 0 0 GeV, 
an d t h e S/N r a t i o was i m p r o v e d b y a l m o s t 100'/. o w i n g t o t h e 
a p p r o p r i a t e c h o i c e o f a p e r t u r e . 
9.1.2 Modes o f O p e r a t i o n . 
T h e r e a r e a t p r e s e n t t w o m a i n modes o f o p e r a t i o n p l a n n e d f o r 
t h e new t e l e s c o p e . 
The f i r s t o f t h e s e c o m b i n e s t h e b e s t f e a t u r e s o f b o t h DS a n d 
TR modes i n t h e c u r r e n t e x p e r i m e n t . The p o t e n t i a l s o u r c e w i l l be 
t r a c k e d , a n d t h e o n - a x i s PMTs w i l l r e g i s t e r t h e O N - s o u r c e c o u n t s , 
w h i l e t h e s u r r o u n d i n g o f f - a x i s PMTs w i l l r e s p o n d t o o f f - s o u r c e 
c o u n t s . T h u s t h e b a c k g r o u n d i s m e a s u r e d w i t h o u t a n y t i m e b e i n g 
s p e n t o f f - s o u r c e . 
The s e c o n d mode i s as a s u r v e y i n s t r u m e n t . I n t h i s c a s e e a c h 
p a i r o f PMTs, o n e f r o m e a c h c o l l e c t o r , m o n i t o r i n g t h e same p a r t o f 
s k y a c t s a s a s e p a r a t e t e l e s c o p e o p e r a t i n g i n t h e DS mode. W i t h t h e 
f u l l c o m p l e m e n t o f n i n e t e e n PMTs, t h i s h a s t h e e f f e c t o f n i n e t e e n 
s e p a r a t e 2 ° a p e r t u r e d e t e c t o r s v i e w i n g a d j a c e n t p a r t s o f t h e s k y , 
g i v i n g s i m u l t a n e o u s c o v e r a g e o f a n a r e a o f ^ 5 0 s q u a r e d e g r e e s . 
9.1.3 P r o p o s e d D e p l o y m e n t . 
The i n i t i a l c o m m i s s i o n i n g o f t h e new i n s t r u m e n t i s c u r r e n t l y 
b e i n g c a r r i e d o u t a t D u r h a m : f i n a l d e p l o y m e n t i s p l a n n e d f o r 
N a r r a b r i , A u s t r a l i a i n 1 9 8 6 . 
9.2 C o m p u t e r S i m u l a t i o n s . 
The c o m p u t e r s i m u l a t i o n s h a v e p r o v e d v e r y 
Dugway e x p e r i m e n t a n d t h a t a t M o u n t H o p k i n s . The 
u s e f u l t o b o t h t h e 
f o l l o w i n g s e c t i o n s 
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g i v e d e t a i l s of new work c u r r e n t l y underway and p l a n s -for - f u t u r e 
c a l c u l a t i o n s i n c o n n e c t i o n w i t h t he se e x p e r i m e n t s , and w i t h t h e new 
t e l e s c o p e d e s c r i b e d i n s e c t i o n 9 . 1 . 
9 . 2 . 1 The Dugway A r r a y . 
S i n c e t h e gamma r a y o b s e r v a t o r y a t Dugway was shut down 
t o w a r d s t h e end of 1984, p r i o r i t y -for f u r t h e r c a l c u l a t i o n s of t h e 
r e sponse of t h i s t y p e of d e t e c t o r has s h i f t e d t o t he new 
i n s t r u m e n t . There a r e , however , some c a l c u l a t i o n s r e m a i n i n g which 
would p r o v e u s e f u l . 
The f i r s t i s t h e p r o d u c t i o n of a f u l l s e t (20) of 2 0 ° 
cascades t o d e t e r m i n e more r e l i a b l y t h e b e h a v i o u r of t h e a r r a y 
between 1 0 ° and 3 5 ° t han was p o s s i b l e f r o m t h e one average event so 
f a r o b t a i n e d . 
I n a d d i t i o n , some h i g h e r energy cascades would be e x t r e m e l y 
v a l u a b l e ; a s u i t a b l e energy would be 3000 GeV. I t w i l l o n l y be 
p o s s i b l e t o p roduce a s m a l l number o f these owing t o t h e 
l i m i t a t i o n s of a v a i l a b l e computer t i m e men t ioned e a r l i e r . 
I t may a l s o p rove u s e f u l t o r e a n a l y s e t h e c u r r e n t database 
t a k i n g i n t o accoun t t h e d i f f e r i n g s e n s i t i v i t i e s of t h e d e t e c t o r s i n 
t h e r e a l a r r a y . T h i s w i l l have a b e a r i n g on t h e p e r f o r m a n c e of t h e 
a r r a y i n t e rms of one , t w o , t h r e e and f o u r f o l d e v e n t s . 
9 . 2 . 2 The FWO Imaging Camera. 
The s i m u l a t i o n s of t h e response of t h e FW0 imag ing camera 
have been u s e f u l i n d e v e l o p i n g the a n a l y s i s programmes f o r use on 
r e a l d a t a , and a l s o i n t h e mode of o p e r a t i o n of t h e i n s t r u m e n t . 
I n i t i a l l y t h e i d e a was t o d e t e r m i n e t h e d i r e c t i o n of an i n c o m i n g 
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gamma r a y f r o m t h e shape and d e n s i t y d i s t r i b u t i o n of t h e r e c o r d e d 
image. The s i m u l a t i o n s , i f c o r r e c t , i n d i c a t e t h a t s i n c e a 
p a r t i c u l a r image c o u l d be o b t a i n e d f r o m a whole range of d i f f e r e n t 
c o m b i n a t i o n s of d i r e c t i o n and d i s t a n c e of c o r e impact f r o m t h e 
t e l e s c o p e , t h i s i s u n l i k e l y t o work i n i t s proposed f o r m . 
F u t u r e w o r k , a l r e a d y underway , i n c l u d e s t h e e x t e n s i o n of t h e 
da ta se t t o i n c l u d e cascades a t n o n - v e r t i c a l i n j e c t i o n a n g l e s , and 
r e p e a t i n g t h e work c o m p l e t e d so f a r u s i n g a reduced PMT acceptance 
o f 0 . 2 5 6 f o r g r e a t e r r e s o l u t i o n . 
9 . 2 . 3 The New I n s t r u m e n t . 
One i m p o r t a n t a rea f o r f u t u r e work i s t h e m o d i f i c a t i o n of t h e 
Dugway b i n n i n g r o u t i n e s t o s i m u l a t e t h e response of t he new 
i n s t r u m e n t , p a r t i c u l a r l y w i t h r e g a r d t o d e c i d i n g p r e c i s e l y what 
a p e r t u r e wou ld be most e f f e c t i v e , s i n c e t h i s parameter i s more 
r e a d i l y a d j u s t a b l e t h a n was t h e case p r e v i o u s l y , and a f i n a l v a l u e 
has n o t been s e l e c t e d . Given t h e l ower t h r e s h o l d energy a t which 
t h e new i n s t r u m e n t i s e x p e c t e d t o o p e r a t e , a g r e a t e r number of 
r e l e v a n t c a l c u l a t i o n s s h o u l d be p o s s i b l e s i n c e l e s s computer t i m e 
i s r e q u i r e d . 
9 .5 The F u t u r e of VHE Gamma Ray Astronomy Using the 
A t m o s p h e r i c Cerenkov T e c h n i q u e . 
The f i e l d of VHE gamma r ay as t ronomy has expanded r a p i d l y 
d u r i n g t h e l a s t f i v e y e a r s , and o b s e r v a t i o n s a r e c u r r e n t l y b e i n g 
made a t some f i f t e e n c e n t r e s ; t hese i n c l u d e the Fred Whipp le 
O b s e r v a t o r y i n A r i z o n a , t h e Crimean O b s e r v a t o r y , the TIFR a t 
Ootacamund, t h e U n i v e r s i t y of W i s c o n s i n , t he o b s e r v a t o r y a t 
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P o t c h e f s t r o o m , South A f r i c a and t h e o b s e r v a t o r y i n H a w a i i . As t h e 
m a j o r i t y of t he se a re i n t h e N o r t h e r n Hemisphere , t h e p lanned 
S o u t h e r n Hemisphere dep loyment of t h e new Durham i n s t r u m e n t w i l l 
p r o v i d e . d a t a on sources such as t h e Ve la p u l s a r and Centaurus A 
w h i c h have had r e l a t i v e l y l i t t l e coverage so f a r . 
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APPENDIX A. 
THE PACKAGE FOR ROUTINE DATA ANALYSIS. 
A s e t o f f l o w d i a g r a m s i s p r o v i d e d i n F i g u r e s A. 1 - A. 3 t o 
i l l u s t r a t e t h e l o g i c of t h e p r o g r a m . The gene ra l o v e r v i e w i s 
p r o v i d e d i n F i g u r e A . 2 wh ich i s supplemented by F i g u r e s A.2a and 
A . 2 b . 
A . 1 Tape H a n d l i n g . 
The NUMAC sys tem f o r t a p e h a n d l i n g i s ope ra t ed by system 
commands e n t e r e d a t t h e t e r m i n a l . I n t h i s package a l l t he necessary 
commands a r e f o r m u l a t e d by t h e p rog ram; t h e user i s expec ted t o 
s u p p l y no more t han t h e name of t h e t a p e , and t h e f i l e number, and 
t h e p rogram does t h e ^ r e s t . T h i s ensures t h a t t h e c o r r e c t t ape 
c o n t r o l commands a r e i s s u e d and t h a t t h e r e i s no p o s s i b i l i t y of t h e 
s t o r e d d a t a b e i n g c o r r u p t e d ; i t i s n o t p o s s i b l e t o w r i t e t o a t ape 
mounted by t h e package even when t h e program has been t e r m i n a t e d . 
F i g u r e A .2b i l l u s t r a t e s t h i s a spec t of t h e p rog ram. 
A . 2 Ou tpu t F i l e H a n d l i n g . 
I n o r d e r t o e l i m i n a t e user e r r o r s , a l l o u t p u t f i l e s a re 
c r e a t e d by t h e p r o g r a m . To make t h i s p o s s i b l e , a c o n v e n t i o n f o r 
naming f i l e s was c l e a r l y n e c e s s a r y . 
The f i r s t s t age i n t h e r o u t i n e d a t a h a n d l i n g , the minu te by 
m i n u t e b i n n i n g , uses t h e d a t a t ape as s o u r c e ; t h e r e a f t e r d i s c f i l e s 
a re u s e d . The o u t p u t f r o m t h e m i n u t e by m i n u t e b i n n i n g r o u t i n e i s 
s t o r e d on d i s c u s i n g names of t h e f o r m 0 1 . 1 3 ; t he f i r s t p a i r of 
d i g i t s r e f e r s t o t h e t ape f r o m which the da ta was t a k e n , i n t h i s . 
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case i t wou ld be t a p e DUG001_, w h i l e t h e second p a i r c o r r e s p o n d s t o 
t h e f i l e number on t h a t t a p e used f o r t he a n a l y s i s , i n t h i s example 
' 1 3 ' . 
S u c c e s s i v e a n a l y s i s r o u t i n e s , u s i n g f i l e 01 .13 as i n p u t , 
wou ld have names such as S I 0 0 1 • 13, t he p r e f i x S10 i n d i c a t i n g t h a t 
t h e f i l e c o n t a i n e d s l i d i n g average d a t a u s i n g a 10 -minu te w i d t h . 
P r e f i x e s of s i m i l a r f o r m a re used f o r t he o t h e r o p t i o n s . 
When t h e program has f i n i s h e d w r i t i n g t o such a f i l e i t sends 
t h e a p p r o p r i a t e MTS command t o s e t i t s access t y p e t o READ ONLY 
( R 0 ) ; t h i s p r e v e n t s t h e f i l e b e i n g i n a d v e r t a n t l y o v e r w r i t t e n . 
Once t h e program has g e n e r a t e d the a p p r o p r i a t e f i l e name f o r 
o u t p u t , b e f o r e a t t e m p t i n g t o c r e a t e t h e f i l e i t f i r s t checks t o see 
i f a f i l e of t h a t name a l r e a d y e x i s t s . I f i t does , and i f i t s 
access t y p e i s R0, a w a r n i n g i s sen t t o t h e user t o t he e f f e c t t h a t 
t h e a n a l y s i s about t o be embarked upon has p r o b a b l y a l r e a d y been 
done. The user may t h e n l o o k a t t h e f i l e i n q u e s t i o n and dec ide i f 
he w i s h e s t o o v e r w r i t e i t . I f t h e f i l e e x i s t s bu t i s not r e s t r i c t e d 
t o R0 a c c e s s , i t means t h a t t h e program was i n t e r r u p t e d w h i l e 
w r i t i n g t o i t on a p r e v i o u s o c c a s i o n , and t h e a n a l y s i s was 
t h e r e f o r e n o t c o m p l e t e d , so no a c t i o n i s t aken t o p r e v e n t 
o v e r w r i t i n g . The f l o w d iag ram p r o v i d e d i n F i g u r e A.2a i l l u s t r a t e s 
t h e a c t i o n of t h i s s e c t i o n of t h e p rog ram. 
A . 3 The F a c i l i t y f o r E x t r a Commands. 
To.make t h e package more v e r s a t i l e , a command s t r u c t u r e was 
i n c o r p o r a t e d . The commands p r o v i d e d are CANCEL, MTS, QUIT, HELP, 
MENU, COMMANDS, MOUNT and DISMOUNT, which are e x p l a i n e d below w i t h 
t h e a i d of f l o w d iagrams ( F i g u r e s A.4a and A . 4 b ) . These can be used 
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whenever t h e program i s e x p e c t i n g i n p u t , s i g n i f i e d i n t h e f l o w 
d i a g r a m s by t h e boxes l a b e l l e d (2) i n F i g u r e A . l . The sequence of 
o p e r a t i o n s c a r r i e d ou t t o p roces s a l l such e n t r i e s t o t h e t e r m i n a l 
i s i l l u s t r a t e d i n F i g u r e A . 3 . 
1 . CANCEL 
T h i s command i s used t o t e r m i n a t e a p a r t i c u l a r course of 
a c t i o n and r e t u r n t o t h e menu. I t may be used , f o r example , i f t h e 
u s e r , h a v i n g s e l e c t e d a p a r t i c u l a r o p t i o n , d e c i d e s t h a t one of t h e 
p a r a m e t e r s t h e program has prompted f o r has been e n t e r e d 
i n c o r r e c t l y . 
2 . MTS 
T h i s a l l o w s t h e user t o l e a v e t h e program t e m p o r a r i l y ( i t 
r ema ins l o a d e d ) and e n t e r MTS mode (normal t e r m i n a l mode) , where 
normal commands may be i s s u e d . E n t e r i n g RESTART r e t u r n s c o n t r o l t o 
t h e p r o g r a m . 
A l s o , s i n g l e MTS commands may be i s s u e d w i t h o u t l e a v i n g t h e 
p rogram by p r e f i x i n g them w i t h $. As can be seen f r o m F i g u r e A.3 
t h e p rogram i n i t i a l l y r eads any e n t r y t o t he t e r m i n a l as a s i n g l e 
c h a r a c t e r s t r i n g and checks the f i r s t c h a r a c t e r b e f o r e any o t h e r 
a c t i o n i s t a k e n ; i f i t i s t h e e n t i r e s t r i n g i s passed t o t h e 
sys tem as an MTS command. C o n t r o l i s t hen i m m e d i a t e l y r e t u r n e d t o 
t h e p rog ram u n l e s s t h e a c t i o n of t h e MTS command does not p e r m i t 
t h i s . 
3. QUIT 
T h i s command i s i s s u e d t o t e r m i n a t e t h e p rog ram. B e f o r e t h i s 
happens , however , a check i s made t o see i f t h e user c u r r e n t l y has 
a t a p e mounted . I f t h i s i s t h e case , a r eminder i s i s s u e d , and t h e 
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program o f f e r s t o d i smount t h e t a p e . 
4 . HELP 
As t h e name i m p l i e s , t h i s p r o v i d e s a s s i s t a n c e t o t h e user who 
i s u n f a m i l i a r w i t h t h e p r o g r a m . 
5. MENU 
The a c t i o n o f t h i s i s s i m i l a r t o t h a t of CANCEL i n t h a t t h e 
p rogram i s r o u t e d t o t h e menu. I t may be used when the program i s 
i n i t i a t e d , f o r example., i n o r de r t o c i r c u m v e n t t he i n t r o d u c t o r y 
s e c t i o n . 
6 . COMMANDS 
T h i s p roduces a l i s t of t h e a v a i l a b l e commands, w i t h 
e x p l a n a t i o n . 
7 . MOUNT 
T h i s a l l o w s t h e user t o mount a t ape w i t h o u t s e l e c t i n g one of 
t h e menu o p t i o n s . The t ape i s s t i l l mounted i n such a way as t o 
p r e v e n t t h e user f r o m w r i t i n g t o i t . 
8 . DISMOUNT 
T h i s i s used t o d i smount t apes wh ich have been mounted e i t h e r 
b y , or u s i n g , t h e p rog ram; t apes mounted i n d e p e n d e n t l y are i g n o r e d . 
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